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(57) Abstract: A laser sysiem for ophthalmic surgery includes a laser engine 1o generale a pulsed laser beam, and an XY scanner,
to receive the generated pulsed laser beam, and to output a scanning laser beam, the XY scanner including an X scanner, includ-
ing two X scanning mirrors, and a Y scanner, including two Y scanning mirrors. The XY scanner can modify essentially indepen-
dently an angle the outputted scanning laser beam makes with an optical axis, and a position at which the outputted scanning laser
beam intersects a subsequent reference plane perpendicular to the optical axis.
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OPTICAL SYSTEM FOR OPHTHALMIC SURGICAL LASER
Cross reference to related application

[0001] This application claims benefit from and priority of utility application “Optical
System for Ophthalmic Surgical Laser”, serial number: 12/511,979, filed on July 29, 2009,

which application is hereby incorporated in its entirety by reference.
Field of Invention

[0002] This invention relates to a system for surgery of the anterior segment of the
eye with a femtosecond laser, more particularly to embodiments minimizing optical

distortions of the laser beam while scanning and focusing the laser beam into the eye.
Background

[0003] This application describes examples and embodiments of techniques and
systems for laser surgery within the anterior segment of the eye the crystalline lens via
photodisruption caused by laser pulses. Various lens surgical procedures for removal of the
crystalline lens utilize various techniques to break up the lens into small fragments that can
be removed from the eye through small incisions. These procedures use manual instruments,
ultrasound, heated fluids or lasers and tend to have significant drawbacks, including the need
to enter the eye with probes in order to accomplish the fragmentation, and the limited

precision associated with such lens fragmentation techniques.

[0004] Photodisruptive laser technology can deliver laser pulses into the lens to
optically fragment the lens without insertion of a probe and thus can offer the potential for
improved lens removal. Laser-induced photodisruption has been widely used in laser
ophthalmic surgery and Nd:YAG lasers have been frequently used as the laser sources,
including lens fragmentation via laser induced photodisruption. Some existing systems utilize
nanosecond lasers with pulse energies of several mJ (E. H. Ryan et al. American Journal of
Ophthalmology 104: 382-386, October 1987; R. R. Kruger et al. Ophthalmology 108: 2122-
2129, 2001), and picosecond lasers with several tens of uJ (A. Gwon et al. J. Cataract Refract
Surg. 21, 282-286, 1995). These relatively long pulses deposit relatively large amounts of
energy into the surgical spots, resulting in considerable limitations on the precision and

control of the procedure, while creating a relatively high level of risk of unwanted outcomes.

[0005] In parallel, in the related field of cornea surgery it was recognized that shorter

pulse durations and better focusing can be achieved by using pulses of duration of hundreds
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of femtoseconds instead of the nanosecond and picosecond pulses. Femtosecond pulses
deposit much less energy per pulse, significantly increasing the precision and the safety of the

procedure.

[0006] Presently several companies commercialize femtosecond laser technology for
ophthalmic procedures on the cornea, such as LASIK flaps and corneal transplants. These
companies include Intralase Corp. / Advanced Medical Optics, USA, 20/10 Perfect Vision
Optische Gerite GmbH, Germany, Carl Zeiss Meditec, Inc. Germany, and Ziemer

Ophthalmic Systems AG, Switzerland.

[0007] However, these systems are designed according to the requirements of the
cornea surgery. Crucially, the depth range of the laser focus is typically less than about 1
mm, the thickness of the cornea. As such, these designs do not offer solutions for the

considerable challenges of performing surgery on the lens of the eye.

[0007a] The discussion of documents, acts, materials, devices, articles and the like is
included in this specification solely for the purpose of providing a context for the present
invention. It is not suggested or represented that any or all of these matters formed part of the
prior art base or were common general knowledge in the field relevant to the present

invention as it existed before the priority date of each claim of this application.

[0007b] Where the terms "comprise”, "comprises", "comprised” or "comprising" are
used in this specification (including the claims) they are to be interpreted as specifying the
presence of the stated features, integers, steps or components, but not precluding the presence

of one or more other features, integers, steps or components, or group thereof.

Summary

[0008] Viewed from one aspect, the present invention provides a laser system for
ophthalmic surgery that includes a laser engine to generate a pulsed laser beam, and an XY
scanner, to receive the generated pulsed laser beam, and to output a scanning laser beam, the
XY scanner including an X scanner, including two X scanning mirrors, and a Y scanner,

including two Y scanning mirrors.

[0009] In some implementations the X scanner is configured so that a pivot point of

the X scanner is off a mirror of the X scanner.



2010281494 25 Nov 2014

10

[0010] In some implementations a pivot point of the X scanner is substantially on a

mirror of the Y scanner.

[0011] In some implementations the Y scanner is configured so that a pivot point of

the Y scanner is off a mirror of the Y scanner.

[0012] In some implementations the X scanner and the Y scanner are configured so
that a pivot point of the X scanner is off a mirror of the X scanner and the pivot point of the Y
scanner is off a mirror of the Y scanner and the X scanner pivot point essentially coincides

with the Y scanner pivot point.

[0013] In some implementations the X scanner and the Y scanner are configured so

that and the X scanner pivot point coincides with the Y scanner pivot point.

2a
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[0014] In some implcmentations a pivot point of the Y scanner is esscntially on an

entry surface of a subsequent optical element.

[0015] In some implementations a pivot point of the Y scanner is essentially on the

input pupil of a subsequent optical element.

[0016] In some implementations the XY scanner is configured to modify essentially
independently: an angle a scanning laser beam outputted by the XY scanner makes with an
optical axis, and a position at which the outputted scanning laser beam intersects a

subscquent reference planc perpendicular to the optical axis.

[0017] In some implementations the XY scanner is configured to reduce an aberration
compared to the aberration of a corresponding laser system including an XY scanner with

only two mirrors.

[0018] In some implementations the XY scanner is configured to reduce an
astigmatism compared to the astigmatism of a corresponding laser system including an XY

scanner with only two mirrors.

[0019] In some implementations the XY scanner is configured to reduce a coma
compared to the coma of an essentially identical laser system including an XY scanner with

only two mirrors.

[0020] In some implementations the XY scanner is configured to scan the laser beam
over an XY scanning range whose maximum is longer than S millimeter and shorter than 15

millimeter at the focal plane of the laser system.

[0021] In some implementations the XY scanner is configured to scan the laser beam
over an XY scanning range whose maximum is longer than 8 millimeter and shorter than 13

millimeter at the focal planc of the lascr system.

[0022] In some implementations a laser system for ophthalmic surgery includes a
laser engine to generate a pulsed laser beam, and an XY scanner, to receive the generated
pulsed laser beam, and to output a scanning laser beam, wherein the XY scanner is
configured to modify essentially independently: an angle the outputted scanning laser beam
makes with an optical axis, and a position at which the outputted scanning laser beam

intersects a subsequent reference plane perpendicular to the optical axis.

[0023] In some implemecntations the XY scanner includcs an X scanncr, including

two X scanning mirrors, and a Y scanner, including two Y scanning mirrors.
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[0024] In some implementations an X-pivot point is off an X scanning mirror, and a

Y-pivot point is off a Y scanning mirror.

[0025] In some implementations an X-pivot point is off an X scanning mirror, a Y-
pivot point is off a Y scanning mirror, and the X pivot point essentially coincides with the Y

pivot point.

[0026] In some implementations the XY scanner is configured to scan the laser beam
over an XY scanning range whose maximum is longer than 5 millimeter and shorter than 15

millimeter at the focal plane of the lascr system.

[0027] In some implementations a laser system for ophthalmic surgery includes a
laser engine to generate a pulsed laser beam, and an XY scanner, to receive the pulsed laser
beam, and to output a scanning laser beam, wherein the XY scanner includes a first fast
steering XY scanning mirror, and a second fast steering XY scanning mirror, wherein the first
and second fast steering XY mirrors are capable of angular motion around two axes of

rotation.

[0028] In some implementations the X pivot point gencrated by the first and sccond
XY fast steering mirrors and the Y pivot point generated by the first and second XY fast

steering mirrors essentially coincide.

Brief Description of Figures
[0029] FIG. 1 illustrates a surgical laser delivery system 1.
[0030] FIG. 2 illustrates a Gaussian wavefront G and an aberrated wavefront W.
[0031] FIGS. 3A-B illustrate rays at an optimal and a scanned focal plane.
[0032] FIG. 3C illustrates a definition of the focal spot radius.

[0033] FIG. 4 illustrates a relation between a Strehl ratio S and an RMS wavefront

error @.
[0034] FIG. 5 illustrates reference points for ophthalmic surgery.
[0035] FIGS. 6A-B illustrate conceptually the operation of precompensator 200.
[0036] FIGS. 7A-B illustrate various uses of an efficient Z scanning functionality.

[0037] FIGS. 8A-D illustrate implementations of the precompensator 200.
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[0038] FIG. 9 illustratcs an implementation of the laser delivery system 1 with two Z

Scanners.

[0039] FIG. 10 illustrates a table of configurations containing 0, 1, or 2 Z depth

Scanner and 0, 1, or 2 NA modifiers.
[0040] FIGS. 11A-C illustrate an XY Scanner with 2, 3, and 4 scanning mirrors.

[0041] FIGS. 12A-D illustrate an aberration as a function of a numerical aperture and

the corresponding optical numerical aperture NA,,,(z) as a function of the Z focal depth.

[0042] FIGS. 13A-B illustrate two settings of the First Beam Expander block 400 and
the Movable Beam Expander block 500.

[0043] FIG. 14 illustrates the intermediate focal plane of the Z Scanner 450.
[0044] FIG. 15 illustrates an implementation of the Objective 700.

[0045] FIG. 16 illustrates a curved focal plane in the target region.

[0046] FIG. 17 illustratcs a nomogram of the XY Scanner inclination angle.
[0047] FIG. 18 illustrates a nomogram of the Movable Beam Expander position.

[0048] FIG. 19 illustrates steps of a computational control method.
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Detailed Description

[0049] Some embodiments of the present invention include systems for surgery in the
lens of the eye, utilizing femtosecond laser pulses. Some integrated embodiments are also
capable of performing both corneal and lens surgical procedures. Performing ophthalmic
surgery in the lens of the eye is associated with qualitatively different requirements than

corneal procedures.

[0050] The key differences between the presently described lens surgical laser system

and corncal systcms includc:

[0051] 1. Femtosecond laser pulses are to be generated reliably. High repetition rate
femtosecond pulses allow the use of a much smaller energy per pulse, providing much higher
control and precision for the operator of the system. However, generating femtosecond
pulses reliably is a considerably greater challenge than nanosecond or picosecond pulses,

used by some existing systems.

[0052] 2. The surgical laser beam is refracted considerably when propagating through
up to S millimeters of refractive medium, including the cornea and the anterior aqucous
chamber just to reach the surgical target, the lens. In contrast, the laser beam used for corneal
surgery is focused at a depth of a fraction of a millimeter, and is thus essentially not refracted

as it enters the cornea from the surgical system.

[0053] 3. The surgical laser delivery system is configured to scan the entire surgical
region, for cxample from the front/antcrior of the lens at a typical depth of 5 mm to the
back/posterior of the lens at a typical depth of 10 mm. This S mm or more depth-scanning
range, or “Z scanning range”, is considerably more extensive than the 1 mm depth-scanning
range used for surgery on the cornea. Typically, the surgical optics, especially the here-used
high numerical apcrturc optics, is optimized to focus a lascr becam to a specific opcrating
depth. During corneal procedures the 1 mm depth-scanning causes only moderate departure
from the optimized operating depth. In contrast, during the scan from 5 to 10 mm during lens
surgery, the system is driven far from a fixed optimized operating depth. Therefore, the lens-
surgical lascr dclivery system cmploys a much-rcfined adaptive optics to be ablc to scan the

extensive depth-scanning range required by lens surgery.

[0054] 4, Some embodiments are integrated in the sense that they are configured to
perform surgery on both the comea and the lens. In these integrated embodiments the depth-

scanning range can be up to 10 mm instead of 5 mm, posing even harder challenges.
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[0055] 5. During corncal surgical proccdurcs, such as thc many variants of LASIK,
the laser beam is scanned perpendicular to the optical axis (“in the XY plane”). In typical
procedures the XY scanning range covers only the central portion of the comea with a
diameter of 10 mm. However, in integrated surgical systems additional cuts may be formed
as well. Onc type of cuts is the cntry cuts, providing access to the inside of the cyc for
aspiration needles and conventional surgical tools. Another type of cuts is the limbal relaxing
incisions (LRIs), which involve making a pair of incisions at the corneal limbus just anterior
to the vascular arcade. By adjusting the length, depth, and location of these arcuate incisions,
one can induce changces in the corneal astigmatism. Entry cuts and LRIs can be placced at the
periphery of the cornea, typically with a diameter of 12mm. While increasing the XY
scanning diameter from 10 mm to 12 mm diameter is only a 20% increase compared to the
regular diameter of LASIK flaps, it is a significant challenge to keep off-axis aberrations of
the lascr delivery system under control at such diameters, since off-axis abcrrations grow

proportional to higher powers of the field diameter at the focal plane.

[0056] 6. Lens laser surgical procedures may require guidance from sophisticated
imaging systems. In some imaging systems limbal blood vessels are identified to serve as
reference marks on the eye, to calibrate the cyclo-rotational alignment of the eye during the
time of surgery, in some cases relative to the reference coordinates identified during
preoperative diagnosis of the eye. Blood vessels chosen on the periphery of the surgical area
can be the most undisturbed by the surgery and thus the most reliable. Imaging systems
directed to such peripheral blood vessels, however, require the imaging optics to image an

arca with a radius larger than 10 mm, such as 12 mm.

[0057] 7. The laser beam develops various aberrations while propagating along the
optical path within the eye. Laser delivery systems can improve precision by compensating
for these aberrations. An additional aspect of these aberrations is that they depend on the
frequency of the light, a fact referenced as “chromatic aberration”. Compensating these
frequency dependent aberrations increases the challenge on the system. The difficulty of
compensating these chromatic aberrations increases with the bandwidth of the laser beam. a
laser system. It is recalled that the spectral bandwidth of a beam is inversely proportional to
the pulse length. Accordingly, the bandwidth for femtosecond pulses is often greater than
that of picosecond pulses by an order of magnitude or more, necessitating a much better

chromatic compensation in femtosecond laser systems.
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10058] 8. Surgical proccdures using high repctition rate femtosccond laser surgical
systems require high precision in positioning each pulse both in an absolute sense with
respect to target locations in the target tissue and in a relative sense with respect to preceding
pulses. For example, the laser system may be required to redirect the beam by only a few
microns within the time between pulses, which can be of the order of microscconds. Bccause
the time between two subsequent pulses is short and the precision requirement for the pulse
placement is high, manual targeting as used in existing low repetition rate lens surgical

systems is no longer adequate or feasible.

[0059] 9. The laser delivery system is configured to deliver the femtosecond laser
pulses into the entire surgical volume of lens of the eye, through a refractive medium, with

their temporal, spectral and spatial integrity preserved.

10060] 10. To ensurc that only tissue in the surgical region reccives a lascr beam with
high enough energy densities to cause surgical effects, such as tissue ablation, the laser
delivery system has an unusually high numerical aperture (NA). This high NA results in
small spot sizes and provides necessary control and precision for the surgical procedure.
Typical ranges for the numerical aperture can include NA values larger than 0.3, resulting in

spot sizes of 3 microns or less.

[0061] 11. Given the complexity of the optical path of the laser for lens surgery, the
laser delivery system achieves high precision and control by including a high performance
computer-managed imaging system, whereas corneal surgical systems can achieve
satisfactory control without such imaging systems, or with a low Icvcl of imaging. Notably,
surgical and imaging functions of the system, as well as the customary observational beams
generally all operate in different spectral bands. As an example, surgical lasers may operate
at wavelengths in the band of 1.0-1.1 micron, observational beams in the visible band of 0.4-
0.7 micron, and imaging bcams in the band of 0.8-0.9 micron. Combining beam paths in
common, or shared, optical components places demanding chromatic requirements on the

optics of the laser surgical system.

[0062] The differences 1-11 illustrate through several examples that ophthalmic laser
surgery (i) on the lens (ii) with femtosecond pulses introduces requirements which are
qualitatively different from those of corneal surgery and even from lens surgery, using only

nanosecond or picosecond laser pulses.

[0063] FIG. 1 illustrates a lascr dclivery system 1. Before describing it in dctail, we

mention that some embodiments combine the laser delivery system of FIG. 1 with an

8
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imaging or an obscrvational systcm. In somc corneal procedurcs, such as in LASIK
treatments, eye trackers establish positional references of the eye by visual clues such an
identification of the center of the iris by imaging and image processing algorithms, typically
on the surface of the eye. However, existing eye trackers recognize and analyze features in a
two-dimcnsional spacc, lacking dcpth information, since the surgical proccdurces arc
performed on the cornea, the outermost layer of the eye. Often, the cornea is even flattened

to make the surface truly two dimensional.

[0064] The situation is quite different when focusing a laser beam in the lens, deep
inside the eye. The crystalline lens can change its position, shape, thickness and diameter
during accommodation, not only between prior measurement and surgery but also during
surgery. Attaching the eye to the surgical instrument by mechanical means can also change
the shape of the eye in an ill-defined manner. Such attaching devices can include fixating the
eye with a suction ring, or aplanating the eye with a flat or curved lens. Further, the
movement of the patient during surgery can introduce additional changes. These changes can
add up to as much as a few millimeters of displacement of visual clues within the eye.
Therefore, mechanically referencing and fixating the surface of the eye such as the anterior
surface of the cornea or limbus are unsatisfactory when performing precision laser surgery on

the lens or other internal portions of the eye.

[0065] To address this problem, laser delivery system 1 can be combined with an
imaging systcm, as described in co-pending application scrial number US Patent Application
12/205,344 to R.M. Kurtz, F. Raksi and M. Karavitis, which is hereby incorporated by
reference in its entirety. The imaging system is configured to image portions of a surgical
region to establish three dimensional positional references based on the internal features of
the eye. These images can be created before the surgery and updated in parallel with the
surgical procedure to account for individual variations and changes. The images can be used

to direct the laser beam safely to the desired location with high precision and control.

[0066] In some implementations, the imaging system can be an Optical Coherence
Tomography (OCT) system. The imaging beam of the imaging system can have a separate
imaging optical path, or an optical path partially or fully sharcd with the surgical beam.
Imaging systems with a partially or fully shared optical path reduce the cost and simplify the
calibration of the imaging and surgical systems. The imaging system can also use the same
or a different light source as the laser of the laser delivery system 1. The imaging system can

also have its own beam scanning subsystcms, or can makc usc of the scanning subsystems of



10

15

20

25

30

WO 2011/017000 PCT/US2010/042786

the laser dclivery system 1. Sevcral differcnt architecturcs of such OCT systcms are

described in the referred co-pending application.

[0067] The laser delivery system | can be also implemented in combination with a
visual observation optics. The observation optics can help the operator of the surgical laser to
observe the effects of the surgical laser beam and control the beam in response to the

observations.

[0068] Finally, in some implementations, which use an infrared and thus invisible
surgical laser bcam, an additional tracking lascr may be cmployed opcrating at visible
frequencies. The visible tracking laser maybe implemented to track the path of the infrared
surgical laser. The tracking laser may be operated at a low enough energy not to cause any
disruption of the target tissue. The observation optics may be configured to direct the

tracking laser, rcflected from the target tissue, to the opcrator of the lascr delivery system 1.

[0069] In FIG. 1, the beams associated with the imaging system and the visual
observation optics can be coupled into the laser delivery system 1 e.g. through a beam
splitter/dichroic mirror 600. The present application will not discuss extensively the various
combinations of the laser delivery system 1 with the imaging, observational and tracking
systems. The large number of such combinations, extensively discussed in the incorporated

US Patent Application 12/205,844, are all within the overall scope of the present application.

[0070] FIG. 1 illustratcs a lascr dclivery system 1, which includcs a Laser Engine
100, a Precompensator 200, an XY Scanner 300, a First Beam Expander block 400, a
Movable Beam Expander block 500, a Beam Splitter/dichroic mirror 600, an Objective 700
and a Patient Interface 800, wherein the First Beam Expander block 400 and the Movable

Beam Expander block S00 will be jointly referred to as Z Scanner 450.

[0071] In many implemcntations below the convention is uscd that the Z direction is
the direction essentially along the optical path of the laser beam, or along the optical axis of
the optical element. The directions transverse to the Z direction are referred to as XY
directions. The term transverse is used in a broader sense to include that in some
implcmentations the transverse and Z directions may not be strictly perpendicular to cach
other. In some implementations the transverse directions can be better described in terms of
radial coordinates. Thus the terms transverse, XY, or radial directions denote analogous
directions in the described implementations, all approximately (but necessarily precisely)

perpendicular to the Z direction.

10
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1. Laser Engine 100

[0072] The laser engine 100 can include a laser to emit laser pulses with
predetermined laser parameters. These laser paramcters may include pulse duration in the 1
femtosecond to 100 picosecond range, or within the 10 femtosecond to 10 picosecond range,
or in some embodiments the 100 femtosecond to 1 picosecond range. The laser pulses can
have an energy per pulse in the 0.1 microJoule to 1000 microJoule range, in other
embodiments in the 1 microJoule to 100 microJoule range. The pulses can have a repcat
frequency in the 10 kHz to 100 MHz range, in other embodiments in the 100 kHz to 1 MHz
range. Other embodiments may have laser parameters which fall within a combination of
these range limits, such as a range of pulse duration of 1-1000 femtosecond. The laser
parametcrs for a particular procedurc can be sclected within these wide ranges ¢.g. during a
pre-operational procedure, or based on a calculation which is based on certain data of the

patient, such as his/her age.

[0073] Examples of the laser engine 100 can include Nd:glass and Nd:Yag lasers, and
other lasers of a wide variety. The operating wavelength of the laser engine can be in the
infrared or in the visible range. In some embodiments the operating wavelength can be in the
700 nm — 2 micron range. In some cases the operating wavelength can be in the 1.0-1.1

micron range, e.g. in infrared lasers based on Yb or Nd.

[0074] In some implementations the laser parameters of the laser pulses may be
adjustable and variable. The laser parameters may be adjustable with a short switch time,
thus enabling the operator of the surgical laser delivery system 1 to change laser parameters
during a complex surgery. Such a change of parameters can be initiated in response to a

reading by a sensing or imaging subsystem of the laser delivery system 1.

[0075] Other parameter changes can be performed as part of a multi-step procedure
during which the laser delivery system may be first used for a first surgical procedure,
followed by a second, different surgical procedure. Examples include first performing one or
more surgical stcps in a rcgion of a lens of an cye, such as a capsulotomy step, followed by a
second surgical procedure in a corneal region of the eye. These procedures can be performed

in various sequences.

[0076] High repetition rate pulsed lasers operating at a pulse repetition rate of tens to

hundreds of thousands of shots per second or higher with relatively low energy per pulse can

11
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be used for surgical applications to achieve certain advantages. Such lasers use rclatively low
energy per pulse to localize the tissue effect caused by the laser-induced photodisruption. In
some implementations, for example, the extent of the disrupted tissue can be limited to a few
microns or a few tens of microns. This localized tissue effect can improve the precision of
the lascr surgery and can be desirablc in certain surgical procedures. In various
implementations of such surgeries, many hundreds, thousands or millions of pulses can be
delivered to a sequence of spots which are contiguous, nearly contiguous, or are separated by
controlled distances. These implementations can achieve certain desired surgical effects,

such as tissue incisions, separations or fragmentation.

[0077] The parameters of the pulses and the scan pattern can be selected by various
methods. For example, they can be based on a preoperative measurement of the optical or
structural properties of the lens. The laser energy and the spot separation can also be selected
based on a preoperative measurement of optical or structural properties of the lens or on an

age-dependent algorithm.
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2. Precompensator 200

[0078] FIG. 2 illustrates that the wavefront of the laser beam can deviate from an
ideal behavior in several different ways and for several different reasons. A large group of
these deviations are called aberrations. Aberrations (and the other wavefront distortions)
displace real image points from the ideal paraxial Gaussian image points. FIG. 2 illustrates
wavefronts of light exiting through an exit pupil ExP. The undistorted spherical wavefront G
emanates from the pupil and converges to a point P1 at the center of curvature of the
wavefront G. G is also called the Gaussian reference sphere. An aberrated wavefront W
deviates from G and converges to a different point P2. The aberration AW of the aberrated

wavefront W at point Q1 can be characterized by the optical length of the pathway relative to

the undistorted reference sphere G: AW=n; 0102, where #; is the refractive index of the

medium in the image space and Q10?2 is the distance of points Q1 and Q2.

[0079] In general, the aberration AW depends on the coordinates both at the exit pupil
as well as at the focal plane. Therefore, this aberration AW can be also thought of as a
correlation function: it represents that the set of points whose image converges to P2,
removed from P1 on the optical axis by 1’, are located on a surface ¥, which deviates from
the reference sphere G by an amount of AW at the radial distance r at the Exit pupil ExP. For
a rotationally symmetrical system, AW can be written in terms of a double power series
expansion in rand r’ as:

AW(r',r,0) = iii ol " P cos™ ©. (1)

=0 %=1 m=0

[0080] Here »’ is the radial coordinate of the image point P2 in the focal plane and  is
the radial coordinatc of point Q1 at the pupil. The angular decpendence is represented by O,
the spherical angle. » = 2p + m is a positive integer and » + » & »» are the expansion
coefficients of the aberrated wavefront . For reference, see e.g.: Optical Imaging and
Aberrations, Part I. Ray Geometrical Optics by Virendra N. Mahajan, SPIE Optical

Engineering Press. The order i of an aberration term is given by i = 2/ + m +n.

[0081] The terms up to i = 4 are related to the primary aberrations: spherical, coma,
astigmatism, field curvaturc and distortion. The actual rclations between thcse primary
aberrations and the »; + » @ ,» aberration coefficients are documented in the literature. For a

system imaging a point object, the explicit dependence of the aberration terms on the image
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radius r’ can be suppressed by introducing the dimensionless variable p = 17a, where a is a

transverse linear extent of the exit pupil, such as its radius:

AW (p,0) = Z Zanmp" cos” @, 2)
n=1 m=0
where
arzm = a" Z 2l+manmr'2[;m' (3)
1=0

[0082] A bencefit of this notation is that the aberration coefficients «,,, all have the

dimension of length and represent the maximum value of the corresponding aberration at the
exit pupil. In this notation, for example, the spherical aberration is characterized by the

aberration coecfficient ay.

[0083] While the description of aberration in terms of the aberration coefficients a,,,
is mathematically well defined, it is not always the experimentally most accessible approach.

Therefore, three alternative aberration measures are described next.

[0084] In the same vein of experimental accessibility and testability, it is noted that
the behavior of a beam in a biological tissue, such as the eye, may not be the easiest to
measure. Helpfully, studies indicate that rays in the eye may behave very analogously to rays
in salty water with physiologically appropriate salt concentration, where they can be
quantitatively measured and described. Therefore, throughout the application when the laser
delivery system’s behavior in the eye is described, it is understood that this description refers

to behavior either in the described eye tissue, or in corresponding salty water.

[0085] FIGS. 3A-C illustrate a second measure of aberrations. The laser delivery
system 1, which was configured to focus a beam at a focal plane 210 at depth A, can cause a
spherical aberration if it is operated to focus the beam at an operating focal plane 211 at depth
B instead. Such a situation can occur, for example, during a three dimensional scanning
procedure, when the focal point of the laser beam is moved from focal plane 210 to focal

planc 211.

[0086] FIG. 3A illustrates the case when the laser delivery system 1 focuses the rays
to their optimal focal plane 210. The rays pass through a spot at the optimal focal plane 210
(a “focal spot”) of very narrow radial extent, or radius, r/4). This radial extent 1{4) can be

greater than zero for a variety of reasons, such as the diffraction of the light beam. The radius
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of the focal spot can be defined in more than onc ways. A common definition of r(4) is the
minimal radius of the light spot on a screen as the screen’s position is varied along the axial,
or Z, direction. This Z depth is often called the “point of least confusion™. This definition is

further refined in relation to FIG. 3C.

[0087] FIG. 3B illustrates the case when the laser delivery system 1 scans the focus
by some distance, such as a few millimeters, off the optimal focal plane 210, to an operating
focal plane 211. Visibly, the rays pass through a focal spot of a radius rB) larger than r(4),
causing a spherical aberration. Mathematical formulae of various accuracy have been
developed connecting the aberration coefficients «,,, and the focal spot radius ;. In some
cases, the focal spot radius ryis an experimentally more accessible measure to quantify the

aberrations than the a,,, aberration coefficients.

[0088] FIG. 3C illustratcs a morc quantitative definition of the focal spot radius ;.
FIG. 3C illustrates the energy contained in a spot of radius », measured from a centroid of the
beam. A widely accepted definition of the focal spot radius r,is the radius, within which
50% of the beam’s energy is contained. The curve labeled “A” shows that in a diffraction
limited beam, when the beam is focused to its optimal focal plane 210, as in FIG. 3A, 50%
percent of the beam’s energy can be contained, or enclosed, in a spot of radius =0.8 micron,

providing a useful definition of r(4).

[0089] Surgical procedures based on laser induced optical breakdown (LIOB) can
have higher precision and efficiency and smaller undesirable effects if the laser beam’s
cnergy is deposited in a well or sharply defined focal spot. LIOB is a highly nonlincar
process with an intensity (plasma-) threshold: typically, tissue exposed to a beam with
intensity higher than the plasma threshold tums into plasma, whereas tissue exposed to a
beam with intensity below the plasma threshold does not undergo the plasma transition.
Thercfore, a broadening of the focal spot by aberration rcducces the fraction of the beam
which achieves intensity at the focal plane higher than the plasma threshold and increases the
fraction of the beam whose intensity remains below the threshold. This latter fraction of the
beam is not absorbed effectively by the target tissue and continues to propagate through the

eyc tissuc, in most cascs to the rctina, potentially causing undesirablc rctinal exposurc.

[0090] For surgical procedures aimed at correcting the cornea, the focal plane is
typically scanned, or shifted, in the Z direction (along the optical axis) only by about 0.6 mm
from its optimal or nominal depth, since the thickness of the cornea is essentially 0.6 mm, in

rare case thicker but still does not exceed 1 mm. The curve labeled “B” illustrates that when
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the focal planc of a bcam is shifted from its optimal focal plane 210 by 1mm (an upper
estimate for corneal procedures) to the operating focal plane 211, 50% of the beam’s energy
is contained within the focal spot radius of 7(B)=1.8 micron. While this shift introduces an
aberration, but its measure is limited. Correspondingly, some of the existing corneal laser
systems do not compcnsate this aberration at all, whilc others introduce only some limited

level of compensation.

[0091] Besides the aberration coefficients a,, and the focal spot radius r;, a third
measure of aberrations is the so-called Strehl ratio S. The Strehl ratio S of a system can be
defined referring to a beam which emanates from a point source, as a peak intensity of the
beam at the focal plane of the system divided by the theoretical maximum peak intensity of
an equivalent perfect imaging system, which works at the diffraction limit. Equivalent
definitions are also known in the literature and are within the scope of the definition of the
Strehl ratio S.

[0092] Corresponding to this definition, the smaller the value of S, the bigger the
aberration. An unaberrated beam has S = 1 and conventionally, when S > 0.8, the imaging

system is said to be diffraction limited.

[0093] A fourth definition of the aberrations is @, a root-mean-square, or RMS,
wavefront error which expresses the deviation AW of the aberrated wavefront W from the
undistorted wavefront G of FIG. 2, averaged over the entire wavefront at the Exit pupil ExP.

w 1s expressed in units of the wavelength of the beam, making it a dimensionless quantity.

[0094] FIG. 4 illustrates that for relatively small aberrations @ and S are related by

the following empirical formula:
S~ e—(Zmz))z 4)
regardless of the type of aberration, where e is the base of natural logarithm.

[0095] All four of the above measures of aberration are useful for diagnosing
problems and optimizing the design of the laser delivery system 1. Accordingly, below the
general terminology “aberration measure” can refer to any one of these measures, or their
equivalents. Notably, increasing abcrration is captured by an increase of the aberration

coefficients a,,, focal spot radius 7rand RMS wavefront error @, but by a decrease of the

Strehl ratio S.
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[0096] The relationship between thesc aberration measurcs is demonstrated by
showing the spherical aberration coefficient a4 and the corresponding Strehl ratio Sin a
specific example. In the example, the surgical laser system focuses the laser beam in an
ocular tissue at different depths below its surface. The laser beam is diffraction limited, with
a 1 micrometer wavelength and NA = 0.3 numcrical apcrturc, and is focused at the surface of
the tissue at normal angle of incidence. The numbers of this example can be analogous to the
effects of adding a plan parallel plate of thickness equal to the scanned depth near the focal

plane of the system, and carrying out the calculation for salty water.

[0097] The surface of the tissue introduces aberrations in the beam, characterized by
Equations (2) and (3). The spherical aberration, characterized by the aberration coefficient

aq0. 18 zero at the surface, the Strehl ratio, by its very construction, is S = 1.

[0098] LASIK surgcries typically form flaps in a dcpth of 0.1 mm. At thesc depths,
the Strehl ratio S is reduced to about 0.996, only a small decrease. Even at 0.6 mm depth,
approximately at the posterior surface of the cornea, S is about 0.85. While this is a non-
negligible decrease of peak intensity, but still can be compensated by adjusting the laser

beam intensity.

[0099] On the other hand, at 5 mm depth, characterizing the anterior surface of the
crystalline lens in the eye, the Strehl ratio can decrease to S = 0.054. At this depth and Strehl
ratio, the beam intensity is reduced considerably below the plasma-threshold, and thus the
beam is unable to generate LIOB. This drastic loss of peak intensity cannot be compensated
by increasing the laser powcr without undcsirablc cffects such as a scrious over-cxposurc of

the retina or excessively increased bubble size.
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[00100] Table 1 illustrates the spherical aberration a4, corresponding to the just-
described Strehl ratios. Visibly, the spherical aberration increases approximately linearly

with the tissue-depth, whereas the Strehl ratio S behaves in a non-linear manner:

Depth in tissue [mm)] Spherical aberration a4 [micron] Strehl ratio S
0 0.00 1.000
0.1 -0.04 0.996
0.6 -0.24 0.856
5 -2.00 0.054
10 -3.99 0.041
5 Table 1

[00101] Insurgical procedures aimed at performing lens lysis, capsulotomy, or other
surgical procedures on the crystalline lens, the focal plane is often scanned across the entire
depth of the lens, which can be as much as Smm. Moreover, in integrated cornea-lens
systems, the total scanning depth can extend from the cornea to the posterior surface of the

10  lens, about 10 mm. The curve labeled “C” in FIG. 3C indicates that in such cases the focal
spot radius grow up to r(C)=18 microns, which value is too large to even appear on the same
plot as 7{A) and (B). In some embodiments, the optimal focal plane can be chosen to lie
halfway in the depth-scanning range and the laser beam maybe scanned in a plus/minus Smm

depth range. In this case r(C) can be reduced to 10 microns.

15 [00102] These large r(C) values translate to a great amount of aberration in the other
three aberration measures a4, S and @. Clearly, in contrast to the comeal procedures which
scan only a few tenth of a millimeter, these large aberrations of lens surgery pose numerous
challenges for the design of the laser delivery system | to compensate or manage their

undesirablc conscquences.

20 [00103] To address the problem of large aberration measures, associated with lens
surgery, some embodiments include the Precompensator 200 to precompensate the spherical
aberration and improve the aberration measures. These aberrations can be developed in the
target tissue, or along a portion of the optical pathway within the laser delivery system 1, or

along the entire optical pathway.
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[00104] FIG. 5 illustrates (not to scalc) that, since the aberration measures #(C), as, S
and o depend on the focal spot’s depth z and its radial distance r from the optical axis, in
what follows when it is described that an aberration measure assumes a value, this will refer
to the aberration measure assuming the described value at some selected reference points. A
set of relevant reference points can be described by their cylindrical coordinates (z, r):
P1=(0,0), P2=(2,6), P3=(5,0), P4=(8,0), P5=(8,3), all in millimeters. Since the main
structures of the eye exhibit an approximate cylindrical symmetry, these P reference points
can be located at any azimuth angle 4. Therefore, these P points will be referred to only by
two of their three cylindrical coordinates, the azimuth angle ¢ being suppressed. P1isa
typical point for a centrally located corneal procedure, P2 is typical for peripheral corneal
procedures, P3 is related to the anterior region of the lens, P4 is related to the posterior of the
lens, and PS5 is a peripheral lens reference point. Other reference points can be adopted to
characterize the aberrations of a laser delivery system as well. In some cases, an aberration
measure can refer to the aberration measure averaged over the operational wavefront, or

illuminated area.

[00105] The aberration measures can be determined in several different ways. A
wavefront of the laser beam can be tracked in a computer-aided design (CAD) process
through a sclected scction of the optical pathway, such as a modecl of the target tissue, or a
section of the laser delivery system 1. Or, the aberration of the laser beam can be measured

in an actual laser delivery system, or a combination of these two procedures.

[00106] Accordingly, in some implementations the precompensation, introduced by the
Precompensator 200 may be selected by determining, calculating or measuring an aberration
measure along a selected portion of the optical pathway, which may include the target tissue
itself and then determining an amount of precompensation which is needed to compensate a

preselected portion of the determined/calculated/measured aberration.

[00107] The Precompensator 200 can correct, or precompensate, the spherical
aberration efficiently, because the spherical aberrations dominantly affect axial rays. Other
types of aberrations, such as transverse aberrations, astigmatism and coma, affect non-zero
angle rays as well as field rays, including rays being offset from the optical axis. While the
laser beam, generated by the laser engine 100 is an essentially axial beam, the various blocks
in the optical pathway, most notably the XY Scanner 300, transform this axial beam into a

non-zero angle beam, having field rays.
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[00108] Thereforc, in designs wherc a precompensator is placed after the XY Scanncr
300, the field rays of the beam can develop several different aberrations. This emergence of
different aberrations poses great design challenges because (i) the optimization of the beam
may require compensating several of the aberrations, and (ii) the different types of
aberrations arc not indcpendcent from cach other. Thus, compensating onc typc of aberration

typically induces unwanted other types of aberration.

[00109] Therefore, in architectures where a compensator is placed after the XY
scanner, the spherical aberrations are typically compensated only to a limited degree and at

the expense of introducing other types of unwanted aberrations.

[00110] In contrast, embodiments of the present laser delivery system 1 can have the
Precompensator 200 before the XY Scanner 300. This design allows the Precompensator 200
to precompensate a spherical aberration without introducing other types of unwanted

aberrations.

[00111] Some implementations can even exploit the above mentioned inter-
dependence of the on-axis and the off-axis aberrations by introducing an on-axis
precompensation by the Precompensator 200 to precompensate an off-axis aberration, caused

by a subsequent scgment of the laser delivery system or the targct tissuc.

[00112] FIGS. 6A-B illustrate schematically an idealized operation of the

Precompcnsator 200.

[00113] FIG. 6A illustratcs a lascr dclivery system 1 without a precompcnsator. In
general, an optical pathway segment 301 can introduce some level of spherical aberration.
This is shown by an undistorted wavefront entering the optical pathway segment 301 and a
wavefront with aberration leaving the optical pathway segment 301. This segment can be
any scgment of the optical pathway, such as a portion of thc target tissuc, or thc cntirc targct

tissue, or a portion of the pathway within the laser delivery system 1.

[00114] FIG. 6B illustrates that the Precompensator 200 can introduce a compensating
(or complementary) distortion of the wavefront. This precompensated wavefront then enters
the optical pathway segment 301, causing it to output a wavefront with reduced distortion, or

even without distortion.

[00115] Some existing systems do not have a dedicated compensator at all. Other
systems may compcensatc the spherical aberration only in a distributed manncr by the lenses

of lens groups which have other functions as well and are positioned after the XY scanner. In
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these existing systems, the paramcters of the lenscs arc chosen as a result of making

compromises between different functionalities, leading to limitations on their performance.

[00116] In contrast, embodiments of the laser delivery system | can have the dedicated
Precompensator 200 disposed before the XY Scanner 300. In some embodiments, the
Precompensator 200 is the first optical unit, or lens group, which receives the laser beam
from the laser engine 100. Since because of its location the laser beam reaches the
Precompensator 200 without developing non-zero angle rays or field rays (which could be
caused by the XY Scanner 300), these embodiments can achieve a high level of
precompensation. The precompensation is also efficient because it is a primary function of
the Precompensator 200 and thus design compromises can be kept very limited, as opposed to

existing systems, which compensate with lenses serving additional functions.

[00117] For thesc recasons, in such implementations it is possiblc to corrcct the
spherical aberration to a high degree without affecting or introducing other types of

aberrations.

[00118] Itis known in the theory of aberrations, that the spherical aberration of a
compound lens system is approximately the sum of spherical aberrations of individual
components. Therefore, in some implementations of the laser delivery system 1, an
unwanted amount of spherical aberration can be precompensated by designing the

Precompensator 200 to introduce an equal amount of aberration, but with the opposite sign.

[00119] As an example, when the depth of the focal spot inside the eye tissue is moved
by Smm off its optimal focal plane, the spherical aberration ¢y (according to Table 1) is -2.0
micrometers. Accordingly, in some implementations the Precompensator 200 can introduce
an aberration measure of a;o = +2.0 micrometers. In a first approximation this
precompensation may essentially eliminate the spherical aberration caused by the 5 mm shift
of the focal spot and correspondingly increase the Strehl ratio from S =0.054 back to S = 1.

(This simple example disregarded other sources of aberrations.)

[00120] Some implementations below will be characterized by comparing the
aberration mcasurcs of “non-prccompcensatcd” lascr delivery systems 1, i.c. lascr delivery
systems where the Precompensator 200 has been removed, to “precompensated’ laser

delivery systems, i.e. systems where the Precompensator 200 has not been removed.

[00121] In some implementations, installing the Precompensator 200 can increase the

Strehl ratio from a value S<S(precomp) of the non-precompensated laser delivery system 1 to
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a value $>S(precomp) for thc prccompcensated lascr delivery system 1. In some

implementations S(precomp) can be 0.6, 0.7, 0.8 or 0.9, for example.

[00122] As stated above, this Strehl ratio S here and below can refer to any one of the
Strehl ratios S(P1), ... S(P5) at the five reference points P1-P5 above, or to the Strehl ratio at
some other predetermined reference points, or to an average of the Strehl ratios over the five

reference points, or to an average over the operational wavefront,

[00123]  Also, the Strehl ratio can refer to the entire laser delivery system 1, receiving
the lascr beam from Lascr Enginc 100, ending with the Objective 700 and forming the focal
spot in an ophthalmic target tissue. In some other cases the term can refer to other targets,
including air. In some implementations the term can refer to a subsystem of the laser

delivery system 1.

[00124] In some implementations, the addition of the Precompensator 200 to the non-
precompensated laser delivery system 1 can increase a Strehl ratio from a non-
precompensated value below S=S(precomp) to a precompensated value above S=S(precomp)
for pulses having an associated bandwidth at least an order of magnitude larger than the
transform-limited bandwidth of laser pulses with a duration of a picosecond or longer. As

above, S(precomp) can be 0.6, 0.7, 0.8, or 0.9, for example.

[00125] In some implementations the addition of the Precompensator 200 to the laser
delivery system | can incrcase a Strchl ratio from a non-precompensatcd value below
S=S(precomp) to a precompensated value above S=S(precomp) over a range of wavelengths
0f 0.4 microns to 1.1 microns. As above, S(precomp) can be 0.6, 0.7, 0.8, or 0.9, for

example.

[00126] Insome implementations the addition of the Precompensator 200 can increase
a system numcrical aperturc from a non-preccompcnsatcd valuc below NA=NA(precomp),
corresponding to the laser delivery system 1 without the Precompensator 200, to a
precompensated value above NA=NA(precomp) with the Precompensator 200. In some

implementations, the value of NA(precomp) can be 0.2, 0.25, 0.3 or 0.35, for example.

[00127] Insome implementations adding the Precompensator 200 to a laser delivery
system 1 without one can decrease the focal spot radius rin a target tissue from a non-
precompensated value above rq(precomp) to a precompensated value below r(precomp),
corresponding to the laser delivery system 1 with the Precompensator 200. In some

implementations rqprecomp) can be 2, 3 or 4 microns.
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[00128] In some implementations, installing the Prccompensator 200 can increasc the
RMS wavcefront error from a valuc w>a(precomp) of the non-precompensated laser delivery
system 1 to a value w<w(precomp) for the precompensatced laser delivery system 1. In some
implementations a(precomp) can be 0.06, 0.07, 0.08 or 0.09, all in units of the wavelength of

the lascr beam, for cxamplc.

[00129] In some implementations, installing the Precompensator 200 can increase the
spherical aberration coefficient from a value a4>ays(precomp) of the non-precompensated
laser delivery system 1 to a value asy<as(precomp) for the precompensated laser delivery

system |. In some implementations as(precomp) can be 2, 3, or 4 micrometers, for example.

[00130] Insome implementations, installing the Precompensator 200 into a non-
precompensated laser delivery system 1 can reduce at least one of the following aberration
measures: the RMS wavefront error @, the spherical aberration measure a4 and the focal spot
radius r;from a non-precompensatcd valuc by at Icast a precompensation percentage
P(precomp), or increase a Strehl ratio S by at least the precompensation percentage
P(precomp). In some implementations P(precomp) can be 10%, or 20%, or 30%, or 40%, for

example.

[00131] As described above, any one of these aberration measures can belong to any
one of the reference points P1, ... PS5, or to some other predetermined reference points, or to

an average of values at reference points, or can be an average over the wavefront.

[00132] Insome embodiments, the Precompensator 200 can compensate non-spherical
aberrations, such as first, or higher order aberrations as well. In some cases it can perform

precompensation of off-axis rays too.

[00133] Insome implementations, the Precompensator 200 precompensates other types
of aberrations, while not increasing the RMS wavefront error by more than 0.075, or by

keeping the Strchl ratio above S(precomp), having a value of e.g. 0.8.

[00134] In some implementations the Precompensator 200 can increase the radius of
the beam rb exiting the Precompensator 200 to a value above rb=rb(precomp), where

rb(precomp) can be e.g. S mm or 8 mm.

[00135] Some of these functionalities can be reached by including one or more
movable lenses into the Precompensator 200. Position actuators can move the movable lens

or lenses, changing the distance between some of the lenses of the Precompensator 200.
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[00136] In implementations with one movable lens, the movable lens of the
Precompensator 200 can move the focal plane or spot of the laser delivery system 1 along the

optical axis by 0.3-4.0 mm. In some other implementations, by 0.5-2.0 mm.

[00137] Insome implementations, when at least one of the Strehl ratios S(low) at the
above described five reference points P1, ... PS5 is below S=S(movable) when the movable
lens is in a median position, the movable lens can be moved to increase the Strehl ratio S(low)

to a value above S=S(movable). S(movable) can be 0.6, 0.7, 0.8 or 0.9.

[00138] Insomc implemcntations the movablc lens can bec moved to vary the Strchl

ratio § in the range 0.6-0.9. In other implementation in the range 0.70-0.85.

[00139] Since the Precompensator 200 is located before the XY Scanner 300 or other
beam expanders, the beam radius is still small. Therefore, the movable lens can be small.
And since the movable lens is small, the position actuators can move it very fast, allowing for
a very quick changing of the focal depth. This feature speeds up the depth scanning, or Z
scanning in these embodiments and can make the Z scanning speed comparable to the

typically faster XY scanning speed.

[00140] Insome typical existing systems, the aberrations are compensated dominantly
by optical means, such as lenses. The presently described movable lens Precompensator 200
can utilize the fast movable lens or lenses to carry out this function well. In particular, when
the laser beam is scanned with the XY Scanner 300, the movable lens or lenses can be moved
with a sufficiently high speed so that the aberrations associated with the XY scanning get

compensated to a desired level.

[00141] FIG. 7A illustrates that this aspect can be useful when a transverse surgical
cut 206 is performed essentially tracking the contact surface of a planar or curved patient
intcrfacc 208. The spced of the small movablc lens makes it possible that the Z scanning is

performed at the speed required by the XY scanning, forming the desired curved cut.

[00142] Insome implementations a curvature, or radius, of the curved cut, or curved

target line can be smaller than | mm, 10 mm, and 100mm.

[00143] FIG. 7B illustrates another useful aspect of a high Z scanning speed. The
focal plane of most optical systems is somewhat curved. If it is desired to create an
essentially straight transversal cut, which therefore does not track the curvature of the focal
planc, the focal depth nceds to be continuously rc-adjusted, synchronously with the fast

transverse XY scanning to compensate for the curvature of the focal plane. For example, for
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radial cuts or planar cuts with a rastcr scan pattcrn the change of the radial, or XY coordinate,
can be very fast. In these procedures a fast Z scanning speed can help forming the desired

straight cut.

[00144] Finally, the high Z scanning speed can be also useful to perform some surgical

procedures fast, such as corneal procedures.

[00145] In some implementations, the movable lens Precompensator 200 can change
the depth of the focal spot of the laser delivery system with an axial speed at least 5% of the
maximum transvcersal scanning specd of the focal spot.  In some implementations with an
axial speed at least 10% of the maximum transversal scanning speed of the focal spot. In
other embodiments with an axial speed at least 20% of the maximum transversal scanning

speed of the focal spot.

[00146] In some implementations, the movable lens Precompensator 200 can change

the Z coordinate of the focal spot by 0.5 - 1 millimeter in a Z scanning time.

[00147] Insome implementations this Z scanning time can be in the range of 10-100
nanoseconds, 100 nanoscconds - 1 millisccond, 1 millisccond - 10 milliscconds and 10

milliseconds - 100 milliseconds.

[00148] Insome implementations the movable lens of the lens group is movable in a Z
moving range to reduce a first aberration measure by at least a movable percentage
Ptmovable). Here the first aberration measure can be a spherical aberration coefficient a4,
an RMS wavefront error @, and a focal spot radius r; and the movable percentage

P(movable) can be 10%, 20%, 30% and 40%.

[00149] In some implementations the movable lens of the lens group is movable in a Z
moving range to incrcasc a Strchl ratio S by at least a movable percentage P(movable), which

can be 10%, 20%, 30% and 40%.

[00150] In some implementations, the movable lens Precompensator 200 is capable of
changing a numerical aperture N4 of the laser delivery system 1, a Z depth of the focal spot,
any one of the aberration measures and a beam diameter essentially independently by moving
the movable lens. In other words, moving the movable lens is capable of varying any one of
these four characteristics of the laser delivery system 1 without changing the other two
characteristics. These embodiments offer considerable control for the operator of the

embodiment.
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[00151] Some of the tunctions of the Precompensator 200 arc somctimes rcferred to as
beam conditioning or beam expanding. Correspondingly, in some existing systems blocks

with analogous functions are referred to as beam conditioner or beam expanders.

[00152] Insome embodiments the Precompensator 200 includes just one lens to

achieve the above functionalities.

[00153] In some embodiments the Precompensator 200 includes two to five lenses to

achieve the above functionalities.

[00154] FIG. 8A illustrates a three lens embodiment of Precompensator 200, including
lens 221, lens 222 and lens 223.

[00155] FIG. 8B illustrates a three lens embodiment of movable lens Precompensator

200, including lens 2217, movablc lens 222° and lens 223°.

[00156] FIG. 8C illustrates a four lens embodiment of Precompensator 200°’,
including lenses 231-234.

[00157] FIG. 8D illustrates a four lens cmbodiment of movablc lens Precompensator

200", including lens 231°, movable lens 232’, lens 233’ and lens 234°.

[00158] Tables 2-4 illustrate various three lens implementations of the
Precompensators 200 and 200’ of FIGS. 8 A-B. Embodiments of the Precompensator 200
can be implemented using thin lenses. Therefore, they can be described in terms of refractive

powers of the individual lenses and thcir distances from the next lens.

[00159] Table 2 illustrates a three fixed lens embodiment of Precompensator 200, also
shown in FIG. 8A. In Table 2 column 1 shows the lens number, column 2 the refractive
power measured in diopters Di (i=1, 2, 3), and column 3 the distance di (i=1, 2) between

lenses 1 and i+1.

Lens number Refractive power [1/m] Distance to next lens [mmy]
221 DI1=(-3, -5) d1=(60, 100)
222 D2=(3, 3) d2=(3,9)
223 D3=(-3.5, -6)

Table 2 for FIG. 8A

[00160] Table 3 illustrates a possible implementation of Precompensator 200° with

two movable lenses 222° and 223’, as in FIG. 8B, showing lens spacings diA and diB in two
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configurations A and B in columns 3 and 4. The Icns spacings di can vary continuously

between diA and diB.

Distance to next lens [mm],  Distance to next lens [mm],

Lens number Refractive power [1/m] Configuration A Configuration B
2210 D1=(-3,-5) d1=(60, 100) d1B=(1.0, 9.0)
222’ D2=(3, 5) d2=(3, 9) d2B=(20, 40)
223’ D3=(-3.5, -6)

Table 3 for FIG. 8B

[00161] Table 4 illustrates that in various implementations the above parameters Di
and di can assume values in broad intervals, depending on a large number of design
considerations, such as different beam sizes and available space. Some of the parameters of
these implementations can be connected to the embodiments of Tables 2-3 by scaling: the
refractive powers with a scaling factor a, and the distances with a corresponding scaling
factor //a. Furthermore, the refractive powers can be additionally modified by tolerance
factors ¢/ trough ¢3 to allow for differcnces in tolerances and design implementations. These

relations are summarized in Table 4:

Lens number Refractive power [1/m] Distance to next lens [mm)]
221 DI1*a*t] dl/a
222 D2*a*2 d2/a
223 D3*a*t3

Table 4 for FIGS. 8A-B
[00162] Insome implementations the scaling factor « can be in a range of 0.3 to 3, and

the tolerance factors ¢/, ¢2, and ¢3 can be in a range of 0.8 to 1.2.
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[00163] Analogously, Table 5 illustrates various four lens implementations of the
Precompensator 200°°, wherein the lenses 231, 232, 233 and 234 are fixed, as shown in FIG.
8C.

Lens number Retractive power [1/m] Distance to next lens [mm]
231 DI1=(-15, -20) d1=(100, 130)
232 D2=(-5, -8) d2=(32,41)
233 D3=(-25, -35) d3=(33, 45)
234 D4=(7, 10)
Table 5 for FIG. 8C

[00164] Table 6 illustrates a four lens implementation of the Precompensator 200°*” of
FIG. 8D, with one movable lens 232’.

Distance to next lens [mm)], Distance to next lens
Lens number Refractive power [1/m] Configuration A [mm], Configuration B
231 DI1=(-15, -20) DI1A=(100, 130) d1B=(120, 140)
232 D2=(-5, -8) d2A=(32, 41) d2B=(20, 30)
233 D3=(-25, -35) d3A=(33, 45) d3B=(31, 42)

234 D4=(7, 10)

Table 6 for FIG. 8D
[00165] As in the three lens implementations, the paramcters of the four lens
Precompensators 200°” and 200’’’ can assume values in broad ranges. Parameters of some of
these implementations again can be related to each other by scaling factors a, 1/, t1, 12, 13,
and t4, respectively, in analogy to Table 4. The scaling factor a can be in the range of 0.2 to

S and the tolerancc factors ¢/, ... t4 can be in a range of 0.7 to 1.3.

[00166] In othcr cmbodiments, other combinations and ranges are employed. Within
these ranges, many embodiments of the laser delivery system 1 are possible, as the system
can be optimized for many different functionalities resulting in different choices. Design
compromises and optimization constraints can lead to a large number of implementations,
each with its own advantagcs. The large number of possibilities is illustratcd by the ranges of

parameters in the above Tables 2-6.
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[00167] Ina onc movable lens implementation of the Precompcensator 200° the moving
lens can change one of the laser system’s characteristics essentially independently. These
parameters include the Z focal depth, the numerical aperture NA, any one of the aberration
measures, and a diameter of the exit beam. For example, these implementations allow the
operator to changc c¢.g. the numerical aperturc of the lascr delivery system 1, without

changing e.g. the Z focal depth.

[00168] Insome implementations the Precompensator 200 has two independently
moving elements. Such implementations allow the operator to independently control two
characteristics of the laser beam, such as e.g. the beam diameter and the numerical aperture

NA, while keeping the aberrations fixed.

[00169] FIG. 9 illustrates an embodiment of the laser delivery system 1°, where a Z
scanning functionality of various optical blocks is highlighted. [n particular, thc lascr engine
100 generates a laser beam, which is received by a first Z Scanner 250. The first Z Scanner
250 receives the laser beam from the laser engine 100 and scans a focal point of the laser
delivery system 1’ over a first Z interval along an optical axis of the laser delivery system 1°.
The beam, outputted by the first Z Scanner 250 is received by the XY Scanner 300, which
scans the laser beam in a direction essentially transverse to the optical axis of the laser
system. The outputted XY scanned laser beam is then received by a second Z Scanner 450,
which scans the focal point of the laser system over a second Z interval along the optical axis

of the laser system.

[00170] Insomc embodiments, the first Z Scanncr 250 is configured so that the first Z
interval is suitable for a corneal surgical procedure, and the second Z Scanner 450 is
configured so that the second Z interval is suitable for an anterior segment surgical

procedure.

[00171] In some embodiments, the first Z interval is within the range of 0.05-1 mm

and the second Z interval is within the range of 1-5 mm.

[00172] Insome embodiments the first Z interval is within the range of 1-5 mm and

the second Z interval is within the range of 5-10 mm.

[00173] Insome embodiments the first Z Scanner 250 is configured to scan the focal
point over the first Z interval of 0.05 mm-1 mm in a first Z scanning time. The first Z
scanning time can be in one of the ranges of 10-100 nanoseconds, 100 nanoseconds — 1

millisecond, 1 millisecond - 10 milliseconds, and 10 milliseconds - 100 milliseconds.
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[00174] Insome cmbodiments the second Z Scanncr 450 is configured to scan the
focal point over the second Z interval of 1 mm — 5 mm in a second Z scanning time. The
second Z scanning time can be in one of the ranges of 10-100 milliseconds, and 100

milliseconds — 1second.

[00175] Insome embodiments the first Z Scanner 250 is configured to change the

numerical aperture of the laser beam by more than 10%.

[00176] Insome embodiments the second Z Scanner 450 is configured to change the

numcrical aperture of the laser beam by morc than 10 %.

[00177] In some embodiments the first Z Scanner 250 is configured to change the

numerical aperture of the laser beam by more than 25%.

[00178] In somc cmbodiments the second Z Scanner 450 is contigured to change the

numerical aperture of the laser beam by more than 25%.

[00179] FIG. 10 shows a summary table of the many variations of the above described
elements. As shown, some implementations can have 0 Z depth scanners, 1 Z depth scanner
before the XY Scanner 300, 1 Z depth scanner after the XY Scanner 300 and 2 Z depth

scanners, one before and one after the XY Scanner 300.

[00180] Further, some implementations can have 0 NA controller, 1 NA controller
before the XY Scanner 300, 1 NA controller after the XY Scanner 300 and 2 NA controllers,

one before and one after the XY Scanner 300.

[00181] Here, the Z Scanners and NA controllers quite generally refer to a single lens
or a lens group, which can modify the Z depth and the numerical aperture N4, respectively.
In some cases these modifiers can be activated, or controlled by a single electric actuator,
which makes the lenses of the modificr move synchronously to modify the N4 or the Z dcpth

of the beam.

[00182] Both the Z Scanners and the NA controllers can be housed in the first Z
Scanner 250 and the second Z Scanner 450 of FIG. 9. In some cases the corresponding
optical elements are distinct, in other implementations the Z Scanner and the NA controller
which are housed in the same Z Scanner block 250 or 450, can share one or more lenses,

movable lenses, or electric actuators.

[00183] As shown in FIG. 10, 0 Z scanners and one or two NA controllers operatc at
fixed Z depth, but can control NA during the XY scanning.
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[00184] 1 Z Scanner and 0 NA controllcr can perform the Z scanning.

[00185] 1 Z Scanner and 1 or 2 NA controllers can perform, in addition to the Z

scanning, a control of the NA.

[00186] 2 Z Scanncrs can perform Z scanning at two speeds and also control the NA,

when combined with 1 or 2 NA controllers.

[00187] Non-lens optical elements are also used in some implementations, such as

variable apertures and pupils.

[00188] In addition, most of the illustrated 16 combinations can be further configured

to precompensate a selected aberration, such as the spherical aberration.

[00189] FIG. 10 illustrates that the various system characteristics, such as the Z depth
of the beam, its numerical aperture N4 and its aberration, represented by its aberration
measure such as the Strehl ratio S, can be controlled or adjusted independently of each other.
Such embodiments offer a great control and precision to the operator of laser delivery system
1.

[00190] In analogous embodiments, such double beam conditioning can be performed
for other pairings of beam characteristics. For example, similar tables with 4X4=16 pairings
can be created regarding an aberration controller and a beam diameter controller. Here 0, 1,
or 2 aberration controllers can be paired in all possible combinations with 0, 1 or 2 beam

diameter controllers.

[00191] The list of beam characteristics includes: Z depth of the focal spot, the
numerical aperture N4, the beam radius, and any aberration measure, such as the Strehl ratio
S, the focal spot radius 74, the RMS wavefront error @ and the spherical aberration measure

ay.
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3. XY Scanner 300

[00192] The XY Scanner 300 may receive the precompensated beam from the
Precompensator 200, either directly of indirectly, having passed through some intermediate
optical elements. A function of the XY Scanner 300 may be to scan the beam received from
the Precompensator 200 in a direction essentially transverse to an optical axis of the laser
delivery system 1. In various embodiments, the “transverse” direction is not necessarily
perpendicular to the optical axis, and can include any direction which makes a substantial

angle with the optical axis.

[00193] Insome embodiments the XY Scanner 300 outputs a scanning laser beam,
which, having propagated through the laser delivery system 1 and having reached the surgical
region, scans in a transverse direction from zero to a maximum of an XY scanning range of
5-14 mm. In some implementations maximum of the XY scanning range is between 8 and 12

mm.

[00194] FIG. 11A illustrates that the XY Scanner 300 can include an X scanner and a
Y scanner. In some existing designs the X and the Y scanner each include one mirror: a
single X scanning mirror 310 and a single Y scanning mirror 320. In such designs the beam
deflected by the X scanning mirror 310 hits the Y scanning mirror 320 at diffcrent points
depending on the orientation of the X scanning mirror 310. In particular, when the X
scanning mirror 310 is in position 310a, the incident beam 331 is reflected as beam 332a,
whereas when the X scanning mirror is rotated into position 310b, the incident beam is

rcflected as beam 332b.

[00195] These two beams 332a and 332b hit the Y scanning mirror 320 in different
positions and therefore even for a fixed Y scanning mirror 320 in position 320a they will give
rise to two different reflected beams 333aa and 333ba, respectively. Worse yet, when the Y
scanning mirror 320 itself is rotated from position 320a to 320b, the two incident beams 332a
and 332b give rise to two additional reflected beams 333ab and 333bb, all four beams 333aa,
333ab, 333ba, and 333bb propagating in different directions.

[00196] The problem can be characterized in terms of the notion of a pivot point.
One definition of a pivot point of a scanning optical element can be as the point through
which essentially all rays go through, having exited from the optical scanning element. This
notion is the analogue of the focal point of non-moving refractive elements, as applied for

moving optical elements, such as scanners.
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[00197]  Using this tcrminology, thc above problem can be traced back in FIG. 11A to
the X scanner pivot point 315X being fixed on the X scanning mirror 310 itself. The
outputted scanned beam will appear for the subsequent optical elements as having emanated
from a single pivot point 315X on the X scanning mirror 310, and thus propagating into a
wide range of angles. This divergence of the two mirror designs can Icad to scveral different

types of undesirable aberrations.

[00198] FIG. 11B illustrates an existing three mirror XY Scanner 300°, where the X
scanner 310 includes two mirrors 311 and 312 to address this problem. For clarity, the
mirrors are shown from the side. In this design, X scanning mirrors 311 and 312 perform the
X scanning function in a coordinated manner. As shown in FIG. 11B, as the first X scanning
mirror 311 changes its orientation from 311a to 311b, the second X scanning mirror 312 can
be rotated in a coordinated manner from 312a to 312b. These coordinated scanning rotations
make it possible that the deflected beams 332a and 332b in the two rotational states go

through a pivot point 315X, which is litted off the X scanning mirrors.

[00199] Since the X scanner pivot point 315X has been lifted from the X scanning
mirror itself, its location can be adjusted. In the design of FIG. 11B, the X scanning mirrors
are designed to place the pivot point 315X essentially onto the Y scanning mirror 320. In
such designs the problem of the X scanner 310 in FIG. 11A is essentially resolved and the

corresponding aberrations are much reduced.

[00200] However, even this design has a problem analogous to that of FIG. 11A, only
in the context of the Y scanning mirror 320. In the design of FIG. 11B, the Y scanncr pivot

point 315Y is still fixed to the Y scanning mirror.

[00201] The entrance pupil of an optical system is the image of the aperture stop when
viewed from the front of the system. The exit pupil is the image of the aperture stop in the
image space. In an optical system with multiple groups of lenses the locations of the entrance
and exit pupils are often carefully adjusted. In many designs, the exit pupil of one lens group

matches the entrance pupil of the following lens group.

[00202] Forthe XY scanncr 310 the pivot point can be rcgarded as the cxit pupil. In
some embodiments this exit pupil matches the entrance pupil of the following lens group,
such as the Z Scanner 450. However, the entrance pupil of that lens group may be inside the
physical boundaries of the lens group, where a scanner block cannot be placed. In that case a
scanner block is desirable for which thc pivot point is outsidc the physical boundaries of the

scanner block, at a location which can be arbitrarily chosen.
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[00203] FIG. 11C illustrates a four mirror dcsign to address this problecm. In the XY
Scanner 300 the X scanner 310 again includes two X scanning mirrors 311 and 312.

However, the Y scanner also includes two Y scanning mirrors, 321 and 322.

[00204] XY Scanner 300” removes the Y scanner pivot point 315Y from the Y
scanning mirror. Accordingly, XY Scanner 300 can control the Y scanner, or output, pivot
point 315Y to a predetermined location. An example is to move the Y scanning-output pivot
point 315Y onto the entry pupil 340 of a subsequent lens group. In some implementations

the X pivot point 315X can be also moved to the same location as well.

[00205]  Other aspects of this design include that XY Scanner 300” can control
essentially independently (i) an angle o between the outputted scanned beam and an optical
axis of the laser delivery system 1, and (ii) a location where the scanning beam impacts the
entrance pupil of the subsequent optical element, characterized by a distance d from the
optical axis. Becausc of the approximate independence of these controls, the XY Scanner
300” can provide a scanning beam with minimized aberrations, as well as can control
astigmatism and coma in the peripheral regions, including the peripheral regions of the

surgical region.

[00206] Some implementations of XY Scanner 300”*” include only one X scanning
mirror 310 and one Y scanning mirror 320, each of them of the “fast steering” type. An
individual fast steering mirror is capable of angular motion around two axes of rotation. A
pair of these fast steering mirrors can also control the beam angle and the beam position in

the plane transversal to the optical axis.

[00207] In some implementations the XY Scanner 300’"’ is configured to scan the
laser beam over an XY scanning range whose maximum is longer than 5 millimeter and

shorter than 15 millimeter at the focal plane of the laser system.

[00208] In some implementations the X pivot point generated by the first and second
XY fast steering mirrors and the Y pivot point generated by the first and second XY fast

steering mirrors coincide.
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4, Z Scanner 450

[00209] As described above, ophthalmic surgical systems are configured to perform
anterior segment surgery, or lens surgery by having a design which allows scanning a focal
point over an interval much larger than the scanned interval in corneal procedures. In some
implementations the Z scanning is performed over a Z scanning path within the Z scanning
range of 5 mm to 10 mm, or 0 mm to 15 mm. (Throughout this application, the term
“scanning within a range of x mm to y mm” refers to a scanning path whose initial value is x
mm or more and ending value is y mm or less, encompassing all scanning paths which do not

extend across the entire scanning range.)

[00210] Here, it is recalled that the “X, Y, Z” assignments are meant throughout the
implementations in a broad sense. Z typically denotes an optical axis, which can be close to a
geometrical axis. But the Z direction inside a target tissue, such as the eye, may not be fully
parallel to the optical axis of the laser delivery system 1. Any compromise axis between
these two can be also referred to as the Z direction. Also, the X, Y directions are not
necessarily perpendicular to the Z axis. They can refer to any direction making a substantial
angle with the Z direction. Also, in some implementations, a radial coordinate system may
be more suitable to describe the scanning of the laser delivery system 1. In those
implementations, the XY scanning refers to any scanning not parallel to the Z axis,

parametrized by suitable radial coordinates.

[00211] FIG. 1 illustrates that some implementations of the laser delivery system 1
achieve these challenging large Z scanning rangces by including the First Beam Expander
block 400 and the Movable Beam Expander block 500 in the Z Scanner 450. In various
implementations, the First Beam Expander block 400 can be a movable block or a fixed
block. The distance between the First Beam Expander block 400 and the Movable Beam

Expandcr block 500 can be adjusted c.g. by a position actuator.

[00212] As was illustrated already in FIGS. 2A-B, as the focal point is moved away
from its optimal position in the target tissue, the aberrations increase. These aberrations are
typically called “geometric aberrations”, as they can be understood from tracing geometric
rays, and originate from the finite extent of the lenses. These geometric aberrations can be
limited by making a numerical aperture of the Z Scanner 450 smaller. As such, the geometric

aberrations depend both on the Z focal depth and the numerical aperture NA.

[00213] In addition, with decreasing numerical aperturc NA, a second sourcc of

aberrations arises from the wave nature of light. These aberrations give rise to the so-called
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“diffraction abcrration”. This sccond type of abcerration increascs the focal spot radius with

decreasing numerical aperture.

[00214] FIGS. 12A-B illustrate the geometric and diffraction aberrations in an anterior
segment of an eye as a function of the aperture size of the Z Scanner 450, characterized by
one of the above aberration measures: the focal spot radius r.  Since the geometric aberration
increases with the aperture size while the diffraction aberration decreases, a total aberration,
defined as a sum of these two aberrations, exhibits an optimal minimum value at an optimal

aberration and corresponding optimal numerical aberration NA,..

[00215] Here the usual definition connects the numerical aperture N4 and the aperture
size: NA = n * Sin ArTan (aperture size/(2* focal length)), where n is the refractive index of

the material in which the image is formed.

[00216] These curves are for specific Z focal depths, 1 mm Z focal depth in FIG. 12A
and 8 mm Z focal depth in FIG 12B. As the geometric aberration is different at different Z
focal depths, the minimum of the total aberration curve and thus the optimal aperture size and
the optimal numerical aperture N4, of the whole system depend on the Z focal depth:
NAop=NAop(z). In particular, the optimal aperture size and N4, decreases for increasing Z
focal depth, from 32 mm to 25 mm in this specific instance as the Z focal depth increases
from 1 mm to 8 mm. Therefore, laser delivery systems which are intended to be used for
both corneal and lens surgeries, need to cover a broader range of apertures and corresponding

NA ranges. This requirement poses considerable design challenges.

[00217]  As discussed further below, FIGS. 12 A-B also illustrate that the aberration
exhibits a broad flat optimum for the typical corneal Z focal depths of 1 mm, while it exhibits

a narrower, sharper minimum for Z focal depths typical for lens-surgery.

[00218] Thc abcerration can be also charactcrized by the other three aberration
mcasurcs S, @, or ay as well, all yiclding curves exhibiting an optimum. Any of the abovc
four aberration measures can correspond to any of the five reference points P(1), ... P(5)
described above, or can be an average taken over some or all of these reference points, or

may correspond to other reference points.

[00219] Insome implementations, in a wide range of Z focal depths, the aperture size
and the corresponding NA can be adjusted to essentially the optimal numerical aperture
NA,p(z), minimizing the total aberration, measurcd by an aberration mcasurc. This

functionality allows a strong reduction of the total aberration. Here, as before, the aberrations
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can be measured by one of the four aberration measures r1, S, @, or a4, at any one of the
above tive reference points P1, ... PS. The optimal aberration corresponds to a minimum of

aberration measures 7, @, Or ay, or a maximum of the Strehl ratio S.

[00220] In some other implementations, where the optimal aberration may not be
reached, or design considcrations dictate that an abcrration away from the optimal valuc
should be used, the Movable Beam Expander Block 500 can still decrease the values of the
aberration measures r;, @, or ay by at least a P(MovableExpander) percentage, or
correspondingly increase the value of the Strehl ratio S by at least a P(MovableExpander)
percentage, compared to the aberration measures of an essentially identical laser system
wherc the sccond block of the Z Scanner 450 is not movable and thus the numcrical apcrture
is not adjustable. In some implementations P(MovableExpander) can be 20%, 30%, 40%, or
50%. Here, as before, the aberration measures #7., S, @, or a4, can be measured at any one of

the five reference points P1, ... PS.

[00221] Insome implementations, laser systems having the Z Scanner 450 with the
adjustable numerical aperture NA can increase the Strehl ratio S above 0.8, relative to
essentially identical laser systems where the Z scanner does not have an adjustable numerical

aperture, having a Strehl ratio S below 0.8.

[00222] An additional design challenge is not only to minimize the total aberration at a
fixed Z focal depth by adjusting the laser delivery system to its optimal aperture size and
corresponding numerical aperture NA,(z), but also to keep the system at least close to the Z
dependent optimal numerical aperture NA,,(z) as the Z focal depth is scanned. In a typical

implementation, the optimal numerical aperturc decreascs as the focal depth incrcases.

[00223] To address this variation of the optimal aperture as the Z focal depth is
scanned within the Z scanning range, implementations of the laser delivery system 1 have the
capability of changing the numerical aperture NA(z) as a separate parameter of the Z Scanner

450, essentially independently from varying the Z focal depth itself.

[00224] Implementations, where two quantities are controlled essentially
independently, as presently the Z focal depth and the numerical aperture N4, typically have a
pair of control parametcrs to achicve this modality. Examples include the pairing of a
controllable distance between the First Beam Expander block 400 and the Movable Beam
Expander block 500 and a position of a movable lens in either of these blocks, which can be

adjusted by a secondary optical controller. Another example includes two movable lenses in
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any combination in the two blocks of the Z Scanner 450. It is rccalled that the First Beam

Expander block 400 can be implemented as a fixed block or a movable block.

[00225] In some implementations the numerical aperture NA can be adjusted to a
sequence of optimal numerical aperture values NA,,(z), yielding a sequence of optimal total

aberration values at a sequence of Z focal depth as the Z focal depth is scanned.

[00226] As before, the optimal total aberration can be captured by the minimum of any
of the above aberration measures r; ¢, or a4, or the maximum of the Strehl ratio S. The Z
scanning ranges can be e.g. 5-10 mm or 0-15 mm. The Z focal depth can be scanned at a
radius r1=0 mm, or r2=3mm, or at some othcr radius r, or at a variablc radius r(z), boundcd

e.g. by r<3 mm.

[00227] Table 7 illustrates an example, where the second column describes the
scanning of the Z focal depth within a Z scanning range of (-0.14 mm, 11.65 mm) in an
ocular target tissue and the third column shows the corresponding values of NAy(z).
Implementations of the Z Scanner 450 are capable of adjusting the Z focal depth in this range

and adjusting the numerical aperture N4 to its optimal value NA,,.(z) at these focal depths.

Z Position of Movable
Expander 500 [mm] Z focal depth [mm)] NA plz)
0.00 11.65 0.17
5.00 9.68 0.18
10.00 7.94 0.19
15.00 6.43 0.20
20.00 5.12 0.22
25.00 3.98 0.23
30.00 3.00 0.25
35.00 2.16 0.27
40.00 1.44 0.28
45.00 0.83 0.30
50.00 0.30 0.32
55.00 -0.14 0.34
Table 7
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[00228] In some othcr embodiments, the Z focal depth maybe scanned within a Z
scanning range of 0 mm to 10 mm. In the course of scanning the numerical aperture may

vary within a range of 0.4 to 0.1, in some other embodiments from 0.35 to 0.15.

[00229] FIG. 12C illustrates an analogous sequence of aberration curves,
corresponding to a sequence of Z focal depths of 8 mm, 4 mm , 2 mm, and 0 mm, exhibiting

a sequence of corresponding optimal numerical apertures N,,,(z).

[00230] FIG. 12D illustrates explicitly the optimal numerical apertures N,,(z) as a
function of the corrcsponding Z focal dcpths.

[00231] As described above, the separate adjustability of the Z focal depth and the
numerical aperture NA typically requires two independently adjustable control parameters.
Some implementations, however, may not offer the separate and independent adjustability of
Z and NA. Instead, for every Z focal depth, these implementations adjust automatically the
numerical aperture to either its optimal value NA,,(z), or at least to a vicinity of NAy«(z),
without a separate NA adjusting step by an operator. For example, NA can track Nd,(z)

within a P(track) percent, where P(track) can be 10%, 20%, or 30%.

[00232] These implementations can have only a single, integrated adjustable
controller. In the just described example, this integrated controller may only display to a user
of the system that it controls the Z focal depth in the target region. However, the controller
may contain a coupled aperture adjuster, which simultaneously adjusts the numerical aperture
NA to track NA,,(z) without a separate tuning step performed by the user of the laser delivery

system 1.

[00233] In some implementations adjusting the distance between the First Beam
Expander 400 and the Movable Beam Expander 500 may perform this functionality
adequately. In other implemcntations, a single movablc lens can offer this modality. In yet

other implementations, a combination of two adjusters may be employed.

[00234] These implementations offer a simplified control function for the operator of
the laser delivery system 1. Since achieving such a single, integrated control function is a
design challenge, some implementations perform these integrated control functions in
combination with the other blocks, such as the Precompensator 200, the XY Scanner 300 and

the Objective 700.

[00235] In some implementations, where the optimal total aberration valucs cannot, or

are not, achieved for various design considerations, the numerical aperture NA can be
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adjusted to a scquence of numcrical aperture values at a scquence of Z focal depths along the
Z scanning path within the Z scanning range to reduce the total aberration by at least a
P(scan) percentage relative to laser systems whose Z Scanner 450 does not have an
adjustable numerical aperture N4. In some implementations P(scan) can be 20, 30, 40, or 50

percent.

[00236] As before, the total aberration can be characterized by any on of the previously
introduced aberration measures r; @, or as. Equivalently, the reduction of the aberration can
be characterized by a corresponding increase of the Strehl ratio S. The Z scanning path can
be a path parallel to the Z axis at a radius R from the optical, or Z axis of the laser system. In
some implementations the Z scanning path can be located between radii r1=0 mm and r2=3

mm from the optical Z axis.

[00237] The total aberration can be measured in several different ways. The total
aberration can refcr to a total aberration averaged over the Z scanning path, or to the
maximum or minimal value of the total aberration along the scanning path. The reduction of

the total aberration can refer to any one of these possibilities.

[00238] Insome implementations, the numerical aperture NA can be adjusted from a
first value when a corneal procedure is performed to a second value when an anterior
segment procedure is performed. In some implementations the first value is in the range of
0.2-0.5 and the second value is in the range of 0.1-0.3. In some other implementations the
first value can be in the range of 0.25-0.35 and the second value can be in the range of 0.15-
0.25.

[00239] The present implementation of the Z Scanner 450 is different from existing

corneal laser delivery systems in several other ways, including the following,

[00240] 1. In corneal laser delivery systems it is typically required that the numerical
aperture does not change during the Z scan of the focal depth to ensure the simplicity of the
design. This design is satisfactory for corneal surgery as the total aberration induced by the
typical 1 mm Z scan is not a serious limiting factor of the precision of the corneal laser
delivery systems. In contrast, implementations of the laser delivery system 1 have a variable
numerical aperture NA to keep adjusting the aperture to its optimal aperture over the
extensive surgical Z interval of e.g. 5-10 mm. This, of course, is achieved by the modality of

the numerical aperture N4 being adjustable essentially independently from the Z focal depth.

40



10

15

20

25

30

WO 2011/017000 PCT/US2010/042786

[00241] 2. Also, typical existing corncal systcms have their Z scanncr in the Objective
700, or as a part of a complex implementation of the Objective 700, whereas the present Z
Scanner 450 is disposed before the Objective 700. Here the Objective 700 denotes the final
lens group of the laser delivery system 1 which is disposed in a functional mechanical
housing separatc from thc functional mcchanical housing of the XY Scanner and the Z
Scanner. The term functional mechanical housing refers not to the overall housing of the
delivery system, whose design can be dictated by ergonomic or appearance considerations,
but to the housing which is holding together the lenses to perform their actual optical
function. The Objective 700 of the present implementations is typically positioned in the
optical pathway after the XYZ scanning beam, outputted by the Z Scanner 450, is deflected
by the mirror 600.

[00242] 3. FIGS. 12A-B illustrate a further challenge in the design of lens-surgical
optical systems. Visibly, the total aberration exhibits a wide, flat optimal region for typical
corneal Z focal depths of 1 mm, thus (i) the system parameters can be optimized for other
considerations, (ii) a broad Z scanning range can be used, and (iii) less precise tuning of the
system parameters is needed, all without much deterioration of the focal spot size. In
contrast, for lens-surgical systems the focal spot size deteriorates quickly when (i) the system
parameters are optimized for other considerations, (ii) a broader Z scanning range is

implemented, and (iii) the system parameters are tuned less precisely.

[00243] In a further aspect of the cmbodiments of the Z Scanner 450, it is recalled that
laser delivery systems which include an imaging sub-system or a visual observational optics
sub-system, have the beams associated with either of these sub-systems coupled into the laser
delivery system 1 through the mirror 600. The mirror 600 can be a dichroic mirror, for
example. In typical surgical systems the Objective 700 refers to the lens group which is

positioned after the mirror 600 in the optical pathway.

[00244] Implementing the Z Scanner 450 before the mirror 600 and separate from the
Objective 700 is an important design consideration also because the weight of the Objective
700 is a critical factor, since the Objective 700 makes essentially direct contact with the target
tissuc, such as the cyc of the paticnt. Therefore, minimizing the weight or mass of the
Objective 700 makes implementations of the laser delivery system 1 impose a reduced
pressure on the eye. And since this pressure deforms the eye itself and thus decreases the
precision of the surgical procedure, designs which reduce the pressure on the eye increase the

precision of the ophthalmic surgery considcrably.
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[00245] Tables 8-9 illustratc rangcs of somc rclevant paramcters for various
embodiments of the First Beam Expander block 400 and the Movable Beam Expander block
500. The Beam Expander blocks each can have 2-10 lenses, in some embodiments 3-5

lenses, which are configured to carry out the above functionalities.

[00246] Table 8 illustrates a five lens embodiment of the First Beam Expander block
400 using an industry standard convention, describing groups of thick lenses in terms of the
individual surfaces. First Beam Expander block 400 can include lenses 411, 412, 413, 414

and 415 with parameters in the following ranges (indicated by brackets):

Surface  Curvature [1/m] Distance [mm] Refractive Index n
1 (0, 1.5) (5,25) (1.6, 1.93)
2 (22,28) (12,22) (1.6,1.7)
3 (-17,-14) (0.5,12) 1
4 (7.0,8.5) (15,29 (1.65,1.8)
5 (-19, -13) (3, 14) 1
6 (14, 18) (8, 12) (1.6,1.7)
7 (0,9.3) (6, 12) |
8 (-28,-21) (1,5) (1.65,1.75)
9 (-15,-6)

Table 8

[00247] In some embodiments, the First Beam Expander block 400 includes,
sequentially from an input side facing the XY Scanner 300: a first lens group with a positive
refractive power, a meniscus lens, having a convex surface facing the input side, and a second

lens, having a concave surface facing the input side.

[00248]  Other implementations are related to the implementations of Table 8 by a
scale factor a, having five scaled lenses, the curvatures of the second column being multiplied
by a, the distances of the third column multiplicd by //a, and having unchanged indices of

refraction n. The scale factor a can assume values between 0.3 and 3.
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[00249] Table 9 illustrates a four lens embodiment of the Moving Beam Expander
block 500, including lenses 511, 512, 513, and 514, with parameters in the following ranges:

Surface  Curvature [1/m] Distance [mm] Refractive Index n
1 (-25,-10) (3,7 (1.7, 1.8)
2 (-25,-28) (0,2) 1
3 (-43, -24) (15,5) (1.5, 1.62)
4 (8.5, 19.4) (26, 31) 1
5 (-6.2, -4.6) (10, 16) (1.53,1.6)
6 (-18.4,-14.7) (34, 49) 1
7 (1.9,4.2) (8, 14) (1.58,1.61)
8 (-11,-9.0)
Table 9

[00250] Somc implementations of the Movable Beam Expandcr block 500 include,
sequentially from an input side facing the First Beam Expander block 400: a meniscus lens,
having a concave surface facing the input side, a negative lens with a negative refractive

power, and a positive lens group with a positive refractive power.

[00251] Other implementations are related to the implementations of Table 9 by a
scale factor a, having four scaled lenses, having the curvatures of the second column being
multiplied by a, the distances of the third column multiplied by //a, and having unchanged

indices of refraction n. The scale factor a can assume values between 0.3 and 3.

[00252] FIGS. 13A-B illustrate embodiments of Tables 8-9 in two configurations with
different distances between the First Beam Expander block 400 and the Moving Beam
Expander block 500. In some implementations, the Moving Beam Expander block 500 can be
moved relative to the First Beam Expander block 400 by a distance in the range of d=5-50

mm.

[00253] These figures illustrate the design considerations of the Z Scanner 450 at

work.

[00254] FIG. 13A illustrates the case when the Movable Beam Expander block 500 is

in a position relatively far from the First Beam Expander block 400. In this case the beam
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exiting the combincd asscmbly has (i) convergent rays, (ii) a relatively large diameter at an
exit pupil ExP, (iii) a shallower Z-depth of the focal spot when a fixed focal length objective
is placed near the exit pupil of the Z Scanner 450, and thus (iv) the focal spot is formed by a

beam with a higher numerical aperture NA.

[00255] FIG. 13B illustrates the case when Movable Beam Expander block 500 is
closer to the First Beam Expander 400 than in the case of FIG. 13A. Here the beam has (i)
divergent rays, (ii) a smaller diameter at the exit pupil ExP, (iii) a deeper Z-depth of the focal
spot when a fixed focal length objective is placed at the exit pupil of the Z Scanner 450, and

thus (iv) the focal spot is formed by a beam with a smaller numerical aperture NA.

[00256] In summary, at shallower Z focal depths the focal spot is created by a large N4
beam, whereas for increasing Z focal depths the numerical aperture N4 decreases. The
rclative change in the numerical aperture N4 can be optimized by optimizing the location of
the exit pupil ExP of the Beam Expander blocks 400 and 500 and the location of the entrance
pupil of the focusing Objective 700. These implementations are alternative ways for
optimizing the numerical aperture at different focal depths even without use of the

functionalities of the pre-compensator 200.

[00257] As discussed above, the numerical aperture NA can be extcnsivcly adjusted
with or without the Precompensator 200. In the overall laser delivery system 1 the numerical
aperture N4 can be adjusted by controlling the Precompensator 200, the First Beam Expander
block 400 or the Movable Beam Expander block 500, or by controlling these blocks in
combination. The actual choice of implecmentation in practicc depends on other higher level
system level requirements, such as scanning range, scanning speed, and complexity.
Implementations with other numerical ranges can also be configured to perform some or all

of the above described functionalities.

[00258] FIG. 14 illustrates a further aspect of the Z Scanner 450. Three different
characteristic beams are shown, emanating from an exit pivot point PP(XY) of the XY
Scanner 300. Remarkably, all three characteristic beams are focused into an entrance pivot
point PP(O) of the Objective 700 by the Z Scanner 450. The position of PP(O) can be
adjusted e.g. by moving the Movable Beam Expander 500.

[00259] As discussed below, laser delivery systems which generate a pivot point PP(O)
located off the mirrors of the XY Scanner 300 have useful features e.g. in embodiments

wherc thc PP(O) pivot point falls insidc the Objective 700.
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[00260] In other cmbodiments, the XY Scanncr 300 has an exit pivot point PP(XY)
farther than the distance to the Z Scanner 450. In these embodiments, the Z Scanner 450 only
modifies the exit pivot point PP(XY) of the XY Scanner 300 into the entrance pivot point
PP(O) of the Objective 700.

[00261] In either case, these implementations make use of the existence of an
intermediate focal plane 451, located between the First Beam Expander block 400 and the
Movable Beam Expander block 500. The existence of this intermediate focal plane 451 is
indicated by the focal points of the three characteristic beams lining up laterally with
essentially the same z coordinate. Conversely, implementations which do not possess such

an intermediate focal plane are not well suited to have an adjustable pivot point PP(O).
5. Objective 700

[00262] In some implementations the laser beam outputted by the Z Scanner 450 is
deflected by the Beam Splitter/Dichroic Mirror 600 onto the Objective 700. Through this
mirror 600 various auxiliary lights can also be coupled into the laser delivery system 1. The
auxiliary light sources can include light associated with an optical coherence tomography

imaging (OCT) system, an illumination system and a visual observational block.

[00263] The Objective 700 can provide a shared optical pathway for an XYZ scanned
laser beam, propagating from the laser engine 100 through the XY Scanner 300 and the Z
Scanner 450, and the auxiliary light into the surgical target region. In various
implementations, the Objective 700 may include objective lens groups. In several
implementations the lenses of the objective lens groups do not move relative to each other.
As such, while the Objective 700 is an integral part of the Z scanning functionality, it does
not contribute to the Z scanning in a variable or dynamic manner. In these implementations

no lens position is adjusted in the Objective 700 to move the Z focal depth of the focal spot.

[00264] Implementations of the Objective 700 can control at least one of a spherical

aberration, coma, and higher order aberrations of the surgical pulsed laser beam.

[00265] Since the Objective 700 is guiding lights of different wavelength,
implementations of the Objective 700 use achromatized lens groups. The wavelength of the
auxiliary light can be e.g. in the range of 0.4 micron to 0.9 micron, and the wavelength of the
surgical light can be in the 1.0-1.1 micron range. Implementations of the Objective 700 keep
the chromatic aberrations below a predetermined value throughout the range of wavelengths

of the used lights, such as 0.4 micron to 1.1 micron in the above example.
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[00266] Thc weight or mass of the Objcctive 700 is an important consideration. In
some implementations the objective is in mechanical contact with the eye of the patient. As
such, it exerts pressure on the eye. This pressure can distort the eye from its relaxed
configuration, making it more difficult to select targets and direct the surgical laser beam

accuratcly.

[00267] Furthermore, if the patient moves during the surgical procedure, it may be
preferable that the objective can move with the smallest resistance in response to the patient’s
movement. Although the weight of the objective can be statically balanced with a spring
system or counterbalance, these measures may not reduce the dynamic or inertial forces. In
fact, these forces may be increased by such measures. All of these considerations point

toward the usefulness of reducing the weight or mass of the Objective 700.

[00268] Thcre are numcrous ways to identify critical forces and corrcsponding
objective masses in relation to eye surgical procedures. A review of various impacts on the
eye was published e.g. in Determination of Significant Parameters for Eye Injury Risk from
Projectiles; Duma SM, Ng TP, Kennedy EA, Stitzel JD, Herring IP, Kuhn F. J Trauma.
2005 Oct; 59(4):960-4. This paper reviewed objects impacting an eye and provided critical
energy values of the impacting objects, corresponding to (i) different types of damage to the
eye, including minor injuries like corneal abrasions, moderate ones like lens dislocations, and
grave injuries like retinal damage. The paper also assigned a probability of injury, from (ii)
low, representing a few percent chance, to medium, representing an about 50% chance, to
high, referring to a near certainty of injury. The paper further classified (iii) the impact
scenarios according to the shape of the impacting object, categorizing according to total

impacting energy and impacting energy normalized by the impact area.

[00269] These results can be applied to the specific case of eye surgery by
investigating thc possibly highest impact injury, caused by a total breakdown of the
mechanical support system of the Objective 700. Such a breakdown may result in a freefall
of the entire Objective 700 over a typical vertical path of 20-25mm, transferring all of the
objective’s energy to the eye itself. Critical masses can be computed from the published
critical cnergy valucs modcling the freefall of the objective according to known physical

principles.

[00270] A vertical path of this length can emerge from the following design principles.
The Objective 700 can be mounted on a vertical sliding stage to provide a safe and reliable

docking of the laser delivery system 1 by a gantry to the eye. Such designs ease precision
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and force requircments on the gantry becausc the vertical gantry accommodates the Objective
700 to be positioned within the vertical travel range. Further, once the eye is docked, these
designs allow the eye to move vertically relative to laser source 100 without breaking the
attachment of the eye to the laser delivery system 1. These movements may occur due to
movcement of the patient or movement of the surgical bed. A vertical travel range of 20 to 25
mm of the Objective 700 mitigates effectively and safely against gantry forces and patient

motion within this range.

[00271] Finally, (iv) a design consideration also influences the critical masses in the
sense that the (“optical”) mass of the optical elements of the Objective 700, such as the glass
lenses alone in the objective lens groups define a lower bound on the mass of the entire
objective, as there are numerous ways to reduce the mass of the housing and the control
systems of the objective, while it is much harder to reduce the mass of the lenses. In present
systems the total mass of the objective can be two-three times the "optical" mass of the lenses

alone.

[00272] Some of these criteria yield sharper definitions of critical masses, others only a

smooth crossover dependence, not lending themselves to a sharp definition.

[00273] From all the possible combinations of the above (i)-(iv) classifications, four
relatively sharp and meaningful definitions of critical masses MC can be identified as

follows:

(1) MC1 ~ 400 grams: objectives with masses M < MC1 pose essentially no risk of injury

for a patient even in a worst case breakdown scenario;

(2) MC2 ~ 750 grams: masses in the MC1 <M < MC2 regime can have a larger than 10%

chance of causing some corneal abrasions via the total impacting energy;

(3) MC3 ~ 1,300-1,400 grams: masses in the MC2 <M < MC3 regime may have a 50%

chance of causing corneal abrasions in any impacting scenario; and finally

(4) MC4 ~ 3,300 grams: masses in the MC3 <M < MC4 range in some impacting
scenarios can causc a ncar certain corneal abrasion, and can develop a non-zero chance

of injuries of medium severity or worse.

[00274]  All of these probabilities, of course, are to be multiplied with the small
probability of the total breakdown of the mechanical support system of the objective actually

occurring. However, in ophthalmic applications extreme measures need to be taken to guard
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against all conccivablc injury scenarios, however unlikely, making the abovce critical masscs

relevant.

[00275] Therefore, the above considerations identify four critical masses according to
clear criteria, regarding total and optical masses of the Objective 700. Accordingly,
embodiments of the Objective 700 where the design process manages to reduce the objective
mass below any one of the above critical masses MC4, ... , MCI, offer qualitatively better

chances for safe surgical procedures.

[00276] Existing objectives for femtosecond ophthalmic lascrs have a mass above
5000 grams, considerably above even the largest of these four critical masses. An exception
is US patent application 20030053219 by Manzi, which describes a lens system where the
optical mass of the lenses alone is about 1000 grams, possibly leading to a total mass of
2,000-3,000 grams. While Manzi’s design is lighter than other existing objectives, it is still
quite massive. This is primarily due to a Z scanner being an integral part of the objective
since lens elements inside the objective are used for Z focus control. Additional mass is
required by Manzi for the precision machined housing, for a precision linear guide for the

lenses, and for a servo motor, all increasing the total mass to values back above 5000 grams.

[00277] In contrast, a mass of various embodiments of the Objective 700 can fall in
any of the above four mass ranges: 0-400 grams, 400-750 grams, 750-1,350 grams, and
1,350-3,300 grams. The mass can be either the optical or the total mass. E.g. the lenses in an
implementation of the Objective 700 can have a mass of less than 130 grams. It is feasible to

mount thesc Ienscs in a precision metal housing for a total assembly mass of 400 grams.

[00278] Embodiments of the Objective 700 achieve such a remarkable mass reduction
to below 400 grams, 750 grams, 1,350 grams and 3,300 grams by removing the Z scanning
functionality to the separate Z Scanner 450, housing it in a separate functional or mechanical
housing. Here the term “functional or mechanical housing” refers to the fact that overall,
non-functional design considerations may result in disposing the separate Z Scanner 450 into
the same general container as the Objective 700, but such a general container does not serve

an optical function or mechanical purpose.

[00279] In some embodiments, a mass of the Objective 700 can be reduced by a
P(mass) percentage in comparison to analogous objectives, which perform at least some of
the dynamic Z scanning functionality by adjusting an optical characteristic of the Objective
700. Such characteristic can bc the entire Z Scanner 450 being integratcd into the Objective

700, or the Movable Beam Expander block 500 being integrated into the Objective 700, or
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one or more movablc scanning Iens being integratcd into the Objective 700. P(mass) can be
10%, 50%, or 100%.

[00280] Another related aspect of the Objective 700 and the corresponding design of
the surgical laser system 1 was described in relation to FIG. 14, where it was shown that
embodiments of the Z Scanner 450 can focus the XYZ scanned laser beam onto the
objective’s entrance pivot point PP(O). Embodiments, which have the entrance pivot point
PP(O) inside the Objective 700 have a much-reduced beam radius »b over a large fraction of
the optical pathway, as the beam converges towards this internal pivot point PP(O). In turn, a
beam with a reduced beam radius b can be controlled by smaller lenses, resulting in

significant reduction of the overall mass of the Objective 700.

[00281] An implementation of the Objective 700 according to the above design
insights is summarized in Table 10 and illustrated in FIG. 15. Implcmentations of the
Objective 700 include a first lens group, to receive the surgical pulsed laser beam from the Z
Scanner 450, and a second lens group, to receive the surgical pulsed laser beam from the first

lens group and to focus the surgical laser beam onto a target region.

[00282] Table 10 illustrates the Objective 700 of FIG. 15 in more detail via surfaces 1
trough 16. The Objective 700 has nine lenses L1-L9 and interfaces with the Patient Interface

800 via surface 17. As before, the brackets indicate the ranges the corresponding parameters
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can assume. (Surfaces 1 and 2 define a doublet of lenses L1/L2 and surfaces 8 and 9

define a doublet of lenses L5/L6, hence the 16 surface instead of 18.)

Surface Curvature [1/m] Distance [mm]  Index of refraction n
1 (-1.5,4.5) (1, 6) (1.7, 1.9)
2 (7.8, 45) (6.4, 13) 1.56, 1.8)
3 (-4.2,32) 0,3.2) 1
4 (22, 36) (105, 14) (147, 1.62)
5 (-10, 5) (0, 6.8) 1
6 (-27.2,-12.6) (8.0,11.6) (1.58,1.63)
7 (-30.3,2.5) (0,6.7) I
8 (-3.1, 18.9) (4.0,8.3) (1.65,1.76)
9 (40.7, 72) (8.2,17.9) (1.57, 1.69)
10 (-28.3,-22.1) (0, 3) 1
11 (-37.8, -17.6) (3.0, 26) (1.70, 1.86)
12 (-6.3 14.0) (0, 3.0) 1
13 (37.9, 65) (12.0,22.3) (1.54,1.72)
14 (-15.4,5.2) (0, 6.5) 1
15 (-55.1, -21.6) (2.0,4.7) (1.56, 1.85)
16 (11.4,26.8) 0,2.0) 1
17 (-60.0, 0) (1.0, 1.5) (1.47, 1.54)

Table 10

[00283] In other implementations, different number of lenses can be used with

S different parameter ranges, which satisfy the above design considerations comparably well.
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[00284] In some implementations the Objective 700 can be described in terms of lens
groups. For example, the Objective 700 can include a first lens group, to receive the XYZ
scanned laser beam from the Z Scanner 450, and a second lens group, to receive a laser beam
from the first lens group. The second lens group can include a first lens with an index of
refraction in the range of 1.54 to 1.72, an entry surface with a curvature in the range of 37.9
to 65 1/m and an exit surface with a curvature in the range of -15.4 to 5.2 1/m. Further, the
second lens group can also include a second lens, separated from the first lens by a distance
in the range of 0 to 6.5 mm, with an index of refraction in the range of 1.56 to 1.85, an entry
surface with a curvature in the range of -55.1 to -21.8 1/m and an exit surface with a
curvature in the range of 11.4 to 26.8 1/m. The Objective 700 can output the laser beam onto

the patient interface 800 through the second lens.

[00285] In some implementations an effective focal length of the Objective 700 is less

than 70 mm.

[00286] In some embodiments a distance from the Objective 700 to the patient

interface 800 is less than 20 mm.

[00287] In some designs a curvature of a focal plane of the laser delivery system 1 is

larger than 20 1/m.

[00288] Numerous other implementations of the Objective 700 and the entire surgical
lascr system 1 can be also created to adhcere to the design principles cxpressed throughout this
application by using commercially available optical design software packages such as Zemax

from Zemax Development Corporation or Code V from Optical Research Associates.
6. Overall System Optical Performance

[00289] In the various implementations, the parameters of the subsystems
Precompensator 200, XY Scanner 300, Z Scanner 450 and Objective 700 can be optimized in
an interdependent manner so that the optical performance of the overall laser delivery system

1 may exhibit propcrtics which arc uniqucly useful for c.g. ophthalmic surgical applications.

[00290] Tables 11A-B summarize the optical performance of the overall laser delivery
system | in a first and a second implementation in terms of the numerical aperture N4 and the
Strehl ratio S. The optical performance is again characterized at reference points, in analogy
to the above reference points P1, ... PS. Tables 11A-B show the optical performance of the

laser delivery system 1 with its components in configurations A, B, C, and D, delivering the
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laser beam to a center of the cornca (A), a periphery of the cornca (B), a center of the lens (C)
and a periphery of the lens (D), respectively. These reference points represent a large
surgical volume, associated with the challenge of performing ophthalmic surgery on the

crystalline lens.

[00291] Tables 11A-B show the radial coordinates of the reference points having
specific values. However, in other embodiments NA and S assume values in the same
respective ranges “around” these specific radial coordinates. In some cases the term
“around” refers to a range of radial coordinates within the P(radial) percent of the shown
radial coordinate values, where P(radial) can be one of 10%, 20% and 30%. E.g. points
having a z radial coordinate in the range of 7.2 mm and 8.8 mm are within the
P(radial)=10% vicinity of the z=8.0 mm radial coordinate of the “lens, center” reference

point.

[00292] Furthermore, in some embodiments, NA and S fall in only one of their three
respective ranges listed for the B, C, and D configurations. In some other embodiments, NA
and S fall into two of their three respective ranges, listed for the B, C, and D configurations in

Tables 11A-B.

[00293] Visibly, the described laser delivery system is well corrected to essentially a

diffraction limited optical performance throughout the entire lens-surgical volume.

Depth z Radius r Numerical Strehl ratio
Configuration  Tissue, location [mm] [mml] aperture VA S
A Cornea, center 0.3 0 (0.25, 0.40) (0.90, 1.0)
B Cornea, periphery 0.3 6.2 (0.25, 0.40) (0.90, 1.0)
C Lens, center 8 0 (0.15,0.35) 0.90, 1.0)
D Lens, periphery 7.3 4 (0.15,0.35) (0.80, 1.0)
Table 11A
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Depth z Radius r Numerical Strehl ratio
Configuration Tissue, location [mm] [mm] aperture NA S
A Comea, center 0.3 0 (0.30, 0.35) (0.95, 1.0)
B Cornea, periphery 0.3 6.2 (0.30,0.35) (0.90, 0.95)
C Lens, center 8 0 (0.20, 0.25) (0.95, 1.0)
D Lens, periphery 73 4 (0.20, 0.25) (0.85, 0.90)
Table 11B

[00294]  Analogous designs, which have a Strehl ratio S higher than 0.8 can be
considcred cquivalent to the above listcd designs, as all of these designs arc considered

diffraction limited systems.

[00295]  Other aberration measures, such as the focal spot radius #rcan be also used
besides the Strehl ratio S to characterize the overall optical performance of the laser delivery
system 1. Since large Strehl ratios combined with large numerical apertures NAs translate to
small focal spot radii r;, throughout the configurations A-D the focal spot radius 7y can stay
below 2 microns in some implementations, in others below 4 microns, in yet others below 10

microns in the ocular target region.

[00296] To characterize the laser delivery system’s performance more accurately, and
to represent the substantial impact of the cornea and lens on the beam propagation, the N4
and S values of Tables 11A-B have been derived by designing the system including the eye
as an integral part of the optical design. In some designs, the eye is modeled in its natural
form. In others, a degree of applanation of the eye is included, to represent authentic surgical

condition.

[00297] Table 12 summarizes a simple model of the relevant ocular tissues, as shown
by Model human eye 850 in FIG. 15. (The numbering of the surfaces was chosen to
continue the numbering of Table 10, starting with surface 18, the surfacc connecting the
Patient Interface 800 to the corneal tissue.) The ocular tissue can be modeled by a 0.6 mm
thick cornea (entered from the Patient Interface via shared surface 18), aqueous humor
(entered from the cornea via surface 19) and the crystalline lens (entered from the aqueous
humor via surface 20). The scparations of the ocular surfaccs are trcated similarly to the

separations of the lens surfaces 1-16.
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Surface Curvature [1/m] Distance [mm]  Index of refraction n
18 (-100, -80) 0.6 1.38
19 (-100, -80) (2.0,4.0) 1.34
20 (-100, -80) (3.0,5.0) 1.42
Table 12

[00298] The NA and S values of Tables 11A-B were calculated using this model of the

ocular tissue. Related models of the eye result in comparable aberration measures.

[00299] In a separate further aspect, in some implementations of the optical design of
the entire laser delivery system 1 can be simplified by leaving some of the distortions and

field curvatures uncorrected by optical means.

[00300] FIG. 16 illustrates that in some systems this design principle would render the
positional accuracy of the surgical system less advantageous. The square dots indicate the
position of the focal spot as a mirror of the XY Scanncr 300 scans in 1 degrec steps and thc Z
Scanner 450 scans the Z focal depth by moving the Movable Beam Expander 500 in S mm
steps. Visibly, the “focal plane”, defined as the XY scanned locations of the focal spot while
the keeping the Z focal depth constant, is curved. At the lateral periphery the cutting depth is

shallower, consistent with the known bchavior of Icnses with uncorrected ficld curvature.

[00301] Likewise, if the mirrors of the XY Scanner 300 are kept fixed and the Z
Scanner 450 scans the Z focal depth, the lateral position of the focal spot changes. Further
complicating the design, neither the radial lateral XY position nor the Z focal depth exhibits a
linear dependence on the respective scanner positions. In the XY plane these distortions are
called barrel or pincushion distortions. (In many implementations, the third coordinate, the
azimuth angle of the XY Scanner 300 transfers unchanged to the azimuth angle of the focal

positions, and hence will be suppressed.)

[00302] FIG. 17 illustrates how some implementations of the laser delivery system 1
offer new, computational solutions to the described challenges. The scanner coordinates are
given in spherical coordinates (¢, y. ¢), where ( is the position of the Z Scanner 450, y is an
inclination angle of the XY Scanner 300 from the optical axis, and ¢ is the azimuth angle.
The focal spot positions are given by the cylindrical focal coordinates (z, r, @), z being the Z

focal depth, r the radial distance from the optical axis, and ¢ the azimuth angle.
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[00303] Thc azimuth anglc of the focal position can be esscntially the same as the
azimuth angle of the scanners and thus is not shown. The remaining XY and the Z scanner
coordinates (&, y)can be discretized within their respective scanning intervals, defining a
scanning grid and a corresponding scanner matrix Cy, defined as Cj; = (¢, ;). If the actual
scanner coordinates assume a value (&g, xj0), then the scanning matrix Cj is 1 at this particular

(i0, jO) pair and zero for all other (7, j) pairs.

[00304] Similarly, the focal spot positions can be characterized by a two dimensional
focal matrix Sy;, where Sy, is related to the discretized radial and Z depth focal coordinates (z,
ry). In terms of the scanner matrix Cj; and focal matrix Sy, the optical performance of the
laser dclivery system I can be characterized with a four dimensional transfer matrix 7y,
which cxpresscs how the scanner coordinatces (&, x;) transform onto the focal coordinates (z,

ry) in general: S=TC, or in detail:

Sk/ = ZTW Cg' (5)
i

[00305]  While the transfer matrix Tj;; represents a linear connection between the
scanncr matrix Cj and focal matrix Sy, in some other implementations a non-lincar
relationship may exist between the scanner matrix Cj; and focal matrix Sy. In those

implementations Eq. (5) is replaced by a non-linear connection.

[00306] The laser delivery system 1 can be designed to optimize the elements of the
transfer matrix 7 by computational ray tracing, physical calibration, or a combination of both.
An implementation of a physical calibration method is described in US Patent Application

US20090131921, which could be used for such a purpose.

[00307] Typically, the transfer matrix 7 is invertiblc and can bc used to creatc the
inverse transfer matrix, TI, which connects elements of the focal matrix Sy to the scanner

matrix Cj;.

[00308]  Alternatively, in some embodiments the inverse transfer matrix 7 can be
determined directly by starting a computational design process with the desired focal matrix
Siin the target region and use e.g. ray tracing to reconstruct the corresponding scanner matrix
Ci.

[00309] FIGS. 17-18 illustratc such rclations. These FIGS. arc nomograms,

illustrating which (&, y;) scanner coordinates the XY Scanner 300 or the Z Scanner 450 can
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be tuncd to in order to focus the beam to the (z, ;) focal coordinatcs, shown on the z and r

axes.

[00310] FIG. 17 shows the y inclination angle of the XY Scanner 300, corresponding
to the (z, r) focal coordinates. As an example, to achieve a Z depth of z=6 mm and a radial
position of /=4 mm, the dashed lines indicate that an XY scanner inclination angle of y=6.4

degrees can be used.

[00311] FIG. 18 shows that, to achieve the same (z, r) = (4, 6) focal coordinates, a Z
scanner position = 15.5 mm can be used. Computationally, the nomograms can be stored in
a computer memory as look-up tables. Values in between stored look-up coordinates can be

quickly determined by two dimensional linear or quadratic interpolation.

[00312] Knowledge of the transfer matrix 7 and its inverse T~ "allow embodiments of
the laser delivery system 1 to correct the aberrations of FIG. 16 by computational methods
instcad of optical methods. These cmbodiments may include a computational controller,
which can control at least one of the XY Scanner 300 and the Z Scanner 450 to control an

optical distortion of the laser delivery system 1.

[00313] FIG. 19 illustrates that, for example, if scanning along a scanning pattern with
reduced optical distortion is desired in a target region, e.g. along a flat focal plane at a
predetermined Z focal depth z, the computational controller can perform the steps of the

following computational control method 900:

(910): receiving at least one of input (z;, ) focal coordinates and elements of a focal
matrix Sy; corresponding to a scanning pattern with reduced optical distortion in the target
region;

(920): computing, or recalling from a stored memory at least one of the (&, ¥;)
scanner coordinates and the elements of the scanner matrix Cj;, corresponding to the input (z,

ry) focal coordinates or elements of the focal matrix Sy, using a predetermined inverse

transfer matrix (7);; and

(930): controlling at least one of the Z Scanner 450 and the XY Scanner 300
according to the computed (&;, ;) scanner coordinates to scan the focal spot according to the

input (z;, r) focal coordinatcs or clements of the focal matrix Sy.

[00314] Laser delivery systems having such a computational controller can reduce an

optical distortion relative to the same or similar laser systems without such controllers. The
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degree of reduction may be as much as 10% in some cmbodiments, and as much as 30% in

other embodiments.

[00315] The reduced optical distortion can be any one of an aberration, a field
curvature, a barrel distortion, a pincushion distortion, a curved focal plane, and a bent

scanning line, intended to be parallel to the Z axis.

[00316] Insome implementations, the computational controller performs these
functions in cooperation with the other blocks of the laser delivery system, including the
Prccompcensator 200, the XY Scanner 300, the Z Scanncer 450 and the Objective 700, possibly

utilizing any of their above described features.

[00317] The number of possible analogous implementations is very large, relying on
the principle of computational control to reduce optical aberrations. E.g. the computational
controller in some embodiments can be capable to scan the focal spot over a focal plane with
a curvature below a critical curvature value. In some other implementations surfaces with
predetermined shapes can be scanned with an appropriate operation of the computational

controller.

[00318] While this document contains many specifics, these should not be construed as
limitations on the scope of an invention or of what may be claimed, but rather as descriptions
of features specific to particular embodiments of the invention. Certain features that are
described in this document in the context of separate embodiments can also be implemented
in combination in a single embodiment. Conversely, various features that are described in the
context of a single embodiment can also be implemented in multiple embodiments separately
or in any suitable subcombination. Moreover, although features may be described above as
acting in certain combinations and even initially claimed as such, one or more features from a
claimed combination can in some cases be excised from the combination, and the claimed

combination may be directed to a subcombination or a variation of a subcombination.

[00319] A number of implementations of imaging-guided laser surgical techniques,
apparatus and systems are disclosed. However, variations and enhancements of the described

implcmentations, and other implementations can be made based on what is described.
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The claims defining the invention are as follows:

1. A laser system for ophthalmic surgery, comprising:

a laser engine to generate a pulsed laser beam; and

an XY scanner,

5 to receive the generated pulsed laser beam, and

to output a scanning laser beam,

the XY scanner comprising
an X scanner, including two X scanning mirrors, and
a Y scanner, including two Y scanning mirrors.

10
2. The laser system of claim 1, wherein:

the X scanner is configured so that a pivot point of the X scanner is off a mirror of the X

scanner.

15 3. The laser system of claim 1 or claim 2, wherein:

a pivot point of the X scanner is substantially on a mirror of the Y scanner.

4. The laser system of any one of the preceding claims, wherein:

the Y scanner is configured so that a pivot point of the Y scanner is off a mirror of the Y

20 scanner.

5. The laser system of claim 1, wherein:

the X scanner and the Y scanner are configured so that a pivot point of the X scanner is
off a mirror of the X scanner and the pivot point of the Y scanner is off a mirror of the Y

25  scanner and the X scanner pivot point essentially coincides with the Y scanner pivot point.

6. The laser system of claim 1, wherein:
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the X scanner and the Y scanner are configured so that the X scanner pivot point

coincides with the Y scanner pivot point.

7. The laser system of any one of the preceding claims, wherein:

5 a pivot point of the Y scanner is substantially on an entry surface of a subsequent optical

element.

8. The laser system of any one of the preceding claims, wherein:

a pivot point of the Y scanner is substantially on the input pupil of a subsequent optical

10  element.

9. The laser system of any one of the preceding claims, wherein:
the XY scanner is configured to modify substantially independently:

an angle a scanning laser beam outputted by the XY scanner makes with an optical

15 axis, and

a position at which the outputted scanning laser beam intersects a subsequent

reference plane perpendicular to the optical axis.

10. The laser system of any one of the preceding claims, wherein:

20 the XY scanner is configured to reduce an aberration compared to the aberration of a

corresponding laser system including an XY scanner with only two mirrors.

11. The laser system of any one of the preceding claims, wherein:

the XY scanner is configured to reduce an astigmatism compared to the astigmatism of a

25  corresponding laser system including an XY scanner with only two mirrors.

12. The laser system of any one of the preceding claims, wherein:
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10

15

the XY scanner is configured to reduce a coma compared to the coma of an essentially

identical laser system including an XY scanner with only two mirrors.

13. The laser system of any one of the preceding claims, wherein:

the XY scanner is configured to scan the laser beam over an XY scanning range whose
maximum is longer than 5 millimeters and shorter than 15 millimeters at the focal plane of

the laser system.

14. The laser system of any one of the preceding claims, wherein:

the XY scanner is configured to scan the laser beam over an XY scanning range whose
maximum is longer than 8 millimeters and shorter than 13 millimeters at the focal plane of

the laser system.

15. A laser system for ophthalmic surgery substantially as hereinbefore described with

reference to any one of the embodiments illustrated in the accompanying drawings.
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